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Abstract
Sample preparation is the most time-consuming and error-prone step in chemical
analysis. Miniaturization and automation of the sample preparation equipment eliminating or
reducing the use of hazardous organic solvents, online hyphenation of sample preparation with
analytical instruments in a cost-effective way are important factors that need to be considered to
design and implement innovative sample preparation techniques and strategies. Solid-phase
microextraction (SPME) is a simple, environmentally benign technique well suited for
hyphenation with analytical instruments. However, poor coating stability is a significant
drawback of SPME employing conventionally prepared coatings. This shortcoming arises from
the lack of chemical bonding between the sorbent coating and the substrate. Introduction of
sol-gel coatings in SPME greatly improved thermal stability and solvent stability in SPME, by
providing direct chemical bonding between substrate and the sol-gel coating. In traditional fiber
format of SPME (where the sorbent coating is placed on the outer surface of an end-segment of
the fiber) the coating remains vulnerable to mechanical damage. Capillary microextraction
(CME), the capillary format of SPME (also known as in-tube SPME), allows to overcome this
shortcoming by securing the sorbent coating on inner walls of the capillary. This dissertation
focuses on the development and systematic investigation of novel silica- and germania-based
perfluorinated and non-fluorinated sol-gel sorbents in the form of CME surface coatings: their
preparation, material characterization, CME performance evaluation, preconcentration and
recovery of various analytes including environmental pollutants. This research established that
germania-based sol-gel sorbents are characterized by superior microextraction performance than
xiv

analogous silica-based sorbents. This enhanced performance provided by germania-based sol-gel
sorbents may be explained based on thermogravimetric analysis suggests that higher carbon
loading on germania-based sol-gel sorbents. Germania-based phenyl- (Ph), phenethyl- (PhE),
octyl- (C8), octadecyl- (C18) and cyclohexenylethyl- (ChE) ligand-containing sol-gel sorbents
were prepared and various pollutants with aromatic rings (such as aromatic ketones, aldehydes
and polycyclicaromatic hydrocarbons) were extracted and analyzed by CME-GC and
CME-HPLC. It was observed that sol-gel sorbents containing aromatic ligands (PhE and Ph)
provided superior microextraction performance for the analytes with aromatic ring(s) in their
structure, than the sorbents with aliphatic ligands (C8 and C18). Investigation of sol-gel sorbents
containing hydrophobic perfluorooctyl (PF-C8) and perfluorododecyl (PF-C12) ligands revealed
that PF-C8 and PF-C12 sol-gel sorbents provided ~ 3 times higher microextraction efficiency
(measure in terms of specific extraction, SE) than corresponding non-fluorinated counterparts,
C8- and C12-, respectively. The synthesis and design of silica- and germania-based dual ligands
sol-gel sorbents simultaneously providing superhydrophobicity and π-π interactions with
analytes represent a significant accomplishment of this research. Such sorbents contained a
PF-C12 and PhE ligands incorporated in sorbent chemical structure. In this case, perfluoro- group
provided enhanced hydrophobic interaction and PhE group provided π-π interaction with the
analytes. Combination of such interactions proved to be quite effective in the microextraction of
alkylbenzenes and related compounds. Dual-ligand sol-gel sorbents with both equimolar and
non-equimolar ligand concentrations were prepared. Experimentally it was established that
sorbents with higher perfluorinated alkyl ligand concentrations had higher affinity for aliphatic
hydrocarbons; however; when PhE concentration was higher, the dual-ligand sorbent showed
enhanced affinity for aromatic compounds. The prepared sol-gel sorbents were characterized by

xv

less than 5% run-to-run RSD values, and also less than 5% capillary-to-capillary RSD values,
which indicate that the sol-gel technique used in sorbent preparation was highly reproducible.
The prepared sol-gel sorbents also showed that their performance does not deteriorate under
aqueous saline matrix; therefore, it could be useful in the microextraction of pollutants from
ocean water.
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Chapter 1: Sample preparation, microextraction and sol-gel sorbents

1. Sample preparation in chemical analysis
In chemical analysis, sample preparation is the most time-consuming and error-prone step
on average, ~80% of the total analysis time is spent in the sample preparation step, and
approximately 30% of total error comes from this step of the analysis. The sample preparation
step can be critically important in chemical analyses involving complex matrices as well as
trace/ultrarace concentration of the target analyte(s). An ineffective sample preparation can lead
to unreliable, inaccurate results. With the development of the highly sensitive and specific
analysis instruments, present day sample preparation focuses on innovative approaches to usually
necessary to extract, isolate and preconcentrate target analytes from a diverse range of matrices.
Since it is such a vital step in chemical analysis, various key factors should be considered
in sample preparation. These include simplicity, speed, selectivity, high efficiency, cost
effectiveness, reproducibility and analyte recovery. It is important to add that developing
innovative approaches toward environmentally benign has been an increasing trend in sample
preparation technique over the last two decades.
Traditionally, liquid-liquid extraction, Soxhlet extraction, accelerated solvent extraction,
microwave-assisted solvent extraction, and purge and trap have been used as sample preparation
techniques. Such methods possess various disadvantages. One of them is the use of large
volumes of hazardous organic solvents. Consuming large amounts of organic solvents is harmful
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to the environment as well as to the health of laboratory personnel who perform extractions using
such solvents. Having multiple steps in the sample preparation, some of the analytes could be
lost in such traditional technique. Additionally, multi-step sample preparation can be
time-consuming.
In last two decades, new sample preparation techniques have been developed that aimed
at overcoming the drawbacks of the traditional techniques such as. Simplifying the whole
preparation process by introducing automation in sample preparation as well as integration of
various sample preconcentration/analysis steps into a single-step process. Such achievements
brought a new perspective and outlook in the sample preparation. By minimizing the number of
steps, the sample preparation was faster and cost-effective. This came handy because, it led to
successful analysis of trace and ultra-trace target analytes. In this particular case, especially for
the chromatographic systems, both off-line and on-line sample-preparation have been used.
On-line analysis proved to be faster, more sensitive, less error prone and more sensitive
compared to off-line analysis. Sample preparation techniques can be coupled to online gas
chromatography (GC), high performance liquid chromatography (HPLC) and capillary
electrophoresis (CE), mass spectrometry (MS), inductive coupled plasma-mass spectrometer
(ICP-MS) and capillary electrophoresis (CE).
1.1. Traditional sample preparation techniques
The most common traditional sample preparation techniques include liquid-liquid
extraction (LLE) and soxhlet extraction. In liquid-liquid extraction (LLE) analytes are extracted
by using water-immiscible solvents. The aqueous sample which contains the analyte is first
mixed with the organic solvent and analytes are transferred to such organic phase through
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partitioning aided by shaking or agitation. Ultimately, the organic phase is separated from the
aqeous phase and in the final stage, the analyte is extracted from the organic solvent. Such
exhaustive method is based on partitioning of the analytes between the polar aqueous matrix and
the immiscible organic solvent. The most commonly used organic solvents in this technique are
hexane, decane, cyclohexane, carbon tetrachloride, benzene, toluene, diethyl ether. Consuming
the toxic organic solvents in large quantities is the main drawback of this extraction technique.
Eventually, liquid-liquid microextraction or liquid phase microextraction is developed.
Soxhlet extraction is also a frequently used and traditional extraction technique which
was introduced by Franz van Soxhlet in 1879. In this method, a device called Soxhlet extractor is
used to extract analytes. Such device has three main parts which are condenser, container and
distilling pot. The working principle is as follows: Distilling pot contains the solvent and it is
placed on a heater. When the heater is turned on, solvent begins to evaporate and the hot solvent
vapor reaches the condenser it turns into liquid and by dripping they reach the sample container.
which is made of a porous material and it lets the solvent pass through. In the course of the
process, the analyte leaves the sample matrix by the dripping solvent and reach to the reservoir
(Figure 1.1). The provided extractor has a siphonic mechanism allowing the accumulated solvent
containing the extracted analytes to go automatically back to the distillation flask when the liquid
level in the extractor reaches the height of the siphon return tube and a new cycle of extraction
begins.
The working principle of a Soxhlet extractor resembles of a coffee maker. The advantage
of Soxhlet extractions is that it is easy to use and requiring no special training. However, in such
method, the consumption of the organic solvents is quite large therefore toxic waste is generated.
Another disadvantage is Soxhlet extractions are very time consuming some extractions could
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take one day or longer. Analyte degradation and chemical reactions in the distillation flask could
also affect the analytical results.

Figure 1.1. A traditional Soxhlet extractor (Reproduced with the permission from [1])
1.2

Extraction techniques with reduced usage of sorbents

1.2.1 Solid phase extraction
Among all the sample preparation techniques, solid phase extraction (SPE) is one of the
most commonly used sample preparation technique. In the sample preparation field, more than
fifty companies currently produce SPE products. Late in 1980s, SPE was utilized as a precolumn
in online-HPLC. In the first years after the development of SPE, LLE was still commonly used
technique. The regulatory pressure to decrease the organic solvent usage is one of the reasons
that SPE gained popularity. It must be added that, extracting water soluble polar analytes with
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LLE is a challenging process, however development of SPE sorbents with affinity for such
analytes also contributed to the growth of SPE. Availability of clean sorbents, simple extraction
procedure and good reproducibility could be counted as the reasons for high popularity of SPE.
Syringe and cartridge formats of SPE devices are the most commonly used. In SPE, a
cylindrical polypropylene and polyurethane reservoir serves as the sorbent container. In such
container, an SPE sorbent is located. The main drawback of this format is restricted flow rates of
the analyte containing solution and clogging the sorbent. Therefore, often filtration of the sample
is required which increases the sample preparation time. Disk shape SPE devices are also used.
In this format, sorbent is trapped in an empore type disks providing faster flow rate than SPE
cartridges. Such methods were also combined in a format called disk in a cartridge and in this
format 50-100 mg of sorbent is packed as SPE extraction medium. This method is often
hyphenated online with HPLC, providing a more automated system. This approach ultimately
resulted in so-called 96-well plate SPE was introduced in 1997. Such systems are designed to
allow very rapid sample preparation, to reduce the void volume and sorbent masses to have low
desorption volume.
Chemically bonded reversed phase silica (e.g. C18), polymers, ion-pair and ion exchange
materials, mixed mode materials, restricted access materials, molecularly imprinted polymers
(MIP) and metal-loaded materials are utilized as SPE sorbents. Basically, the affinity of the
sorbents toward organic compounds causes such molecules in the extraction sorbents from
various types of sample matrices. In the extraction process the interfering compounds in the
sample matrix are also extracted by the sorbent. A series of solvents are used to remove such
contaminants step by step in this method. In this method, solid phase sorbents and the name of
the technique is derived from this.
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SPE is a rapid and simple sample preparation technique that consumes small amounts of
organic solvents. However, it also has some significant drawbacks including low recovery of the
analytes, clogging of the sorbents, carryover problems.

1.2.2 Supercritical fluid extraction
Supercritical fluid extraction (SFE) is considered as a green sample preparation
technique. In SFE, supercritical fluids (SF) are used as the extraction solvent and they usually
extract the target analyte from solid matrix. Carbon dioxide (CO2) is the most commonly used
supercritical fluid in SFE due to its low cost, high purity and non-toxicity and its reasonably low
critical temperature and pressure. Co-solvents such as hexane, pentane, nitrous oxide, sulphur
hexafluoride can be used to modify the properties of the SFs.
A typical SFE system consists of the following parts: Pumps, extraction cells, pressure
regulator, heating and cooling unit, flow restrictor and collector vial. SFE involves two major
operations: (a) transport of the SF to the sample matrix dissolution of such analytes in the SF (b)
transferring extracted analyte for from the extraction cell to an empty collector vial by
decompressing the SF. The extracted analytes are collected on a sorbent or a solvent in this final
step. SFE could be performed in different modes dynamic-, static or their combination of these
modes. In the systems where such two methods are combined, the extraction starts in static mode
and it is followed by dynamic mode.
Indeed, due to usage of CO2 and very low consumption of organic solvents (in the final
step of the extraction, where desorption occurs), SFE can be considered as environmentally
friendly technique. However, SFE systems are very expensive compared to traditional sample
preparation techniques and, typically they are not portable, therefore, they are not used in field
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analyses. Considering supercritical fluids are involved in this technique, routine analysis is
difficult due to lengthy optimization procedures. Such method is not very cost effective due to
the requirement of pure CO2. For instance, in pharmaceutical industry, SFE is commonly used.
The main reason for that is the very high purity of the carbon dioxide which is over 0.9999. In
this case, liquid solvents are not able to provide such high purities and considering in
pharmaceutical industry, the produced products cannot contain impurities higher than specific
levels (regulated by FDA in USA) it is not logical to introduce additional impurities to the
analyte from sample matrix.

1.3

Solvent-free microextraction

1.3.1 Gas phase extraction
There are two types of gas phase extraction which are static gas phase extraction and
dynamic gas phase extraction. Static gas phase extraction is also known as static headspace mode
and in this extraction technique, molecules of volatile semi-volatile analyte molecules in the head
space are allowed to reach equilibrium with analyte molecules in the sample matrix in a sealed
headspace vial. The vial is usually heated to evaporate the target analytes. In the following step,
the partitioned analyte in the head space is taken by a syringe and injected into a GC in small
volumes. Static headspace mode is simple because no complicated preparation is needed,
however it has low sensitivity. Compared to the static headspace analysis, dynamic headspace
mode is more sensitive because in such a technique the analytes are continuously depleted from
the sample. This is done by purging carrier gas through the solid or liquid sample matrix
containing volatile organic compounds (VOCs). In this case the carrier gas causes faster
evaporation of the analytes. The analytes reach out of the sample matrix are trapped in a sorbent
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and later they are desorbed using small volumes of organic solvents.

1.3.2 Membrane extraction
Membrane extraction is also an alternative to conventional sample preparation techniques
and over the last two decades it gained popularity due to new developments in this field [2]. In
this sample preparation technique, typically the sample is in contact with one side of the
membrane called donor side. The analytes are passed through the membrane moving analytes to
the other side of the membrane called the permeate side. The membrane contains an organic
phase and this whole system is stationary between two aqueous phases [2]. However, cleaning
the membrane is challenging and such fibers are highly fragile [3]. In recent membrane-systems,
hollow membrane fibers are used, which are simpler than traditional membrane extraction
systems and they also offer higher surface area. It is also considered solvent-free sample
preparation which makes it an environmental friendly technique. It was earlier developed for use
with mass spectroscopy; additionally it is not commonly used with chromatographic techniques
[4]. The reason is the difficult desorption of the analytes from the membrane in which nitrogen is
used to remove the analytes from the membrane onto a charcoal surface. Later the desorbed
analytes are transferred to the chromatographic system. So far, membrane extraction has been
coupled with GC [5], HPLC [6], atomic absorption spectroscopy [7], inductively coupled plasma
[8] and CE [9] as well as MS [10].
Membrane extraction is slower comparing to other sample preparation techniques. Other
disadvantages of membrane extractions are difficulty in coupling such systems with other
analytical techniques, their limitation in the amenable analyte types (only nonpolar and semi
volatile and volatile analytes could be extracted by membranes) [11] and analyte carryover [2].
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1.3.3 Solid phase microextraction

1.3.3.1 General information about SPME and theory
Solid-phase microextraction, a non-exhaustive extraction method, was invented by
Belardi and Pawliszyn in 1989 [12] as a solvent-free miniaturized extraction technique static
in-vessel and in-flow formats. There are many types of SPME (Figure 1.2) however, fiber-based
SPME and capillary (in-tube) based SPME are the commonly used SPME formats. SPME
certainly has great advantages over traditional sample preparation methods. These advantages
include solvent-free [13] extraction, cost-effectiveness [14] and coupling with modern analytical
instruments [14]. It enables preconcentration of dilute analytes even from complex matrices in
both liquid and gaseous phases, integrating multiple analytical steps (sampling, sample
preparation, analyte preconcentration and introduction to a suitable analytical instrument).
In fiber SPME, a fiber is coated with a sorbent which is typically a polymeric material.
Such polymeric sorbent is the place where analytes are extracted-sorbed and this step is the first
step in SPME process. In step two, the sorbed analytes are basically desorbed and are transferred
into the analytical system. There are numerous examples of coupling of SPME to various
analytical systems such as GC [15-18], HPLC [19], ICP-MS [20-25], SFC [26], CE [27-30] and
MS [31]. Also in SPME, unlike the traditional methods, a sorbent is utilized as an extraction
phase. Initially SPME was mainly about SPME-GC for the environmental analysis [32];
however, currently SPME is used in various fields ranging from forensics [33, 34] to
pharmaceutical applications [35-41].
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Figure 1.2. Formats of SPME (reproduced with the permission from [42])
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SPME device consists of a fused silica rod attached to a stainless-steel tube, plunger and
a syringe. The fibers are reusable and fiber assemblies are also replaceable (See Figure 1.3). The
fused silica fiber is coated with polymeric sorbents and typically 100 µm thick layer. The coating
located on a ~ 1 cm end-segment of the fiber concentrates the analytes from the sample matrix.
Such coatings can be considered as the heart of the SPME devices because microextraction
process take place in the coating. The fibers show different affinities to different analytes
therefore choosing the suitable fiber for a preconcentration is highly important. For instance, as a
nonpolar sorbent polydimethylsiloxane (PDMS) is very common in the preconcentration of
nonpolar analytes [43] and as polar sorbents, poly(acrylate) based fibers are utilized toward polar
analytes [44].

Figure 1.3. First commercial design of an SPME fiber by Supelco (Reproduced with the
permission from [45])
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Simple working principle was also a key factor in the popularity of the SPME. Basically,
previously cleaned fiber is immersed into an aqueous solution which contain the analytes. When
the fiber is exposed to the solution, the analytes are sorbed in the fiber. After reaching the
equilibrium, for the GC applications, the fiber is inserted the GC inlet and with high temperature
in the injector, the extracted analytes are desorbed. Transferring to the GC inlet rapidly is highly
crucial, because the extracted analytes could be lost especially when the solutes are highly
volatile. This becomes a disadvantage when the field microextraction is performed. Therefore,
sealing the fibers during the transportation is quite important. It should be noted that when the
fiber is coupled to GC as described, it means that such technique simplifies desorption of the
analytes and the injection to the system in one step without requiring any particular and
additional desorption system. It should be emphasized that SPME is a non-exhaustive technique,
which means that only some amount of analytes in the sample matrix is extracted. In this case, an
equilibrium is established between sorbent and the sample matrix. This equilibrium plays an
important role in calculating the amount of the analyte in the original sample.
Although such SPME devices gained popularity, the disadvantages of such systems are
also present. Most importantly, mechanically unstable fibers were vulnerable to get damaged
often and it causes needle bent. Since the extraction process is based on the equilibrium between
the analyte and the extraction medium, using short length (~ 1cm) of the fiber for the sample
preparation leads reduced sample capacity and low extraction sensitivity in such systems.
Memory effect could cause ghost peaks due to incomplete desorption at the highest allowable
temperature in GC. Additionally, traditional SPME methods are difficult to couple with HPLC
due to requirement of inconvenient desorption devices. The coatings on the SPME fibers are not
chemically bonded to the fiber and this makes the SPME fiber unstable under organo-aqueous
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solvent exposure, therefore their usage is limited in HPLC systems. Similarly, the lack of
anchorage between coating and fiber causes low thermal stability which results as a challenge in
the pre-concentration of polar analytes hence their incomplete desorption off the SPME fiber.
Considering microextraction is a non-exhaustive method which contains a sorbent
(extracting phase) to extract or preconcentrate target analytes, such method is based on an
equilibrium that is established between the sample matrix and the sorbent [46]. Complete
extraction conditions could be described by utilizing the distribution constant between the
sorbent-sample matrix, volumes of sorbent and sample, as seen in Equation 1.1.

𝐾𝐾𝑓𝑓𝑓𝑓 𝑉𝑉𝑓𝑓 𝑉𝑉𝑠𝑠

n = 𝐾𝐾

n = Extracted amount of the analyte

𝑓𝑓𝑓𝑓 𝑉𝑉𝑓𝑓 +𝑉𝑉𝑠𝑠

𝐶𝐶𝑜𝑜

(Eq:1.1)

Kfs= The analyte distribution constant between the sorbent and the sample
Vf= Volume of the sorbent coating on the fiber
Vs= Volume of the sample
C0= Initial analyte concentration of the analyte in the sample (M)
When the equation is investigated, the extracted analyte amount is directly proportional
to the concentration of the sample and such property indicates that only some of the analyte
could be extracted. This is indeed an advantage of SPME because this enables users to work with
small amounts of analytes easily [46].
Performing the SPME extraction until the system reaches the equilibrium is highly
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important as mentioned before. Thus, to find out the required time for the equilibrium (if cannot
be found in the literature) a series of experiments must be conducted [47]. In such experiments,
the sorbent extracts the analytes in different time intervals and the extracted amount and the time
is recorded.
In some cases, the sample volume could be large and the equation could be rewritten by
ignoring the product of the distribution constant and the volume of the fiber.
n= KfsVfC0

(Eq: 1.2)

This means that the extracted amount of the analyte is directly proportional to the initial
concentration of the analyte in the sample matrix [46]. Being a non-exhaustive method, CME
and SPME are highly powerful sample preparation tools as field analysis microextraction devices
[47]. Additionally, rapid direct sampling, avoiding transportation of the samples make such
techniques highly advantageous over traditional sample preparation methods.
In CME, there are two different extraction processes: dynamic and static. In the dynamic
microextraction process, the sample is passed through a coated fused silica capillary and such
coating is called the extraction sorbent. There are many kinds of such sorbents such as
monoliths, packed beds, wall coatings etc.
In the static extractions, the sample does not flow though the capillary or tube, it basically
stays in the capillary for certain amount of time and in this case the extraction occurs via
diffusion process. Modifying the sample matrix by varying the pH, temperature or performing
salting-out could increase the sensitivity of microextraction sorbents. Modifying the composition
or chemical nature of the sorbents is also a way to increase the sensitivity of such methods. For
instance, when the distribution constant is high, it translates as the sorbent or the coating has a
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strong affinity toward the target analyte. Such high affinity results as high extraction efficiency
and sensitivity. Therefore, various kind of sorbents [48] were developed and utilized in SPME
and CME.
Initially, SPME has been used to analyze water samples in environmental applications.
However, since it is an advantageous technique over traditional methods, SPME was utilized in
various fields, such as pharmaceutical analysis, food analysis, flavor analysis, forensics are only
a few of them. Each field has its own specific samples, therefore new methods had to be
developed to make SPME suitable to these samples. To that end, headspace SPME was
developed. In headspace SPME, solid samples are put in a clean vial and the vial is sealed
air-tight, typically vial is heated to evaporate the samples, in other words to increase the vapor
pressure of the target analytes. Rarely, instead of heating up, in some cases the vial containing
the sample could be also cooled down. In this case, the equilibrium must be reached when the
fiber is in contact with the sample's vapor. Considering the microextraction takes place with
diffusion, it could be stated that the diffusion of the sorbent with the solid samples are the lowest,
with the volatile substances, it is higher. Thus, solid samples reach the equilibrium in a longer
time due to their slow diffusion. Although the sensitivity is not related to the equilibrium time, it
is observed that with semi-volatile and solid analytes, the sensitivity of the HS-SPME is lower
than the analytes with high volatility.
Various fiber SPME related microextraction techniques were developed after invention of
original fiber format of SPME. There include solid-phase dynamic extraction, microwave
assisted headspace SPME, matrix SPME, membrane protected SPME, stir bar SPME and thin
film microextraction could be counted as alternatives to fiber SPME. Such solvent-free methods
were coupled to GC, HPLC and CZE.
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1.3.3.2 Solid phase dynamic extraction
Solid phase dynamic extraction (SPDE) utilizes a needle coated inside with a sorbent
which is similar to a GC stationary phase [49]. Such sorbent volumes in the needles is about four
to six times more than a typical 100 μm PDMS SPME fiber. Lipinski et al. used this method to
detect pesticides from water and their obtained detection limits were ~ 0.05 μg/L [50].
An advantage of SPDE could be the mechanical strength of the used needles. Unlike the fragile
SPME fibers, such needles are highly durable. Considering it is a dynamic microextraction
technique, the sorbent is immersed in the sample. In this technique, basically, the plunger moves
up and down and the analytes gets in contact with the sorbent. Eventually, extracted analytes are
thermally desorbed in the injector of the GC. The GC inlet temperature may not be high enough
to completely desorb all the analytes giving rise to ghost peaks [49].

1.3.3.3 SPME with rotation of the microfiber
Considering the fact that SPME is an equilibrium based extraction technique, determining
extraction time is crucial. Extraction time also depends on the type of the analyte, type of the
sorbent and the surface area of the sorbent. Additionally, procedure used for mixing the sample
matrix also affects the equilibrium time. Motlagh and Pawliszyn [51] tested various mixing
procedures including magnetic stirring, intrusive stirring and sonication and concluded that
inclusive mixing is effective but causes heating of the sample, while sonication, it is also
efficient but hard to automate with SPME. Geppert et al. [52] invented a method based on
vibration of the fiber In their system, fiber was connected an electric motor and it had rotation
speed of 12000 rpm. As a result, it was proven that fiber with rotation technique was an
easy-to-use, smooth, robust and simple technique which had the potential for universally
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application to SPME fibers. Various versions of this technique could be seen in Figure 1.4.

Figure 1.4. SPME operation modes: (A) static absorption, (B) fiber rotation, (C) magnetic
stirring of the sample, and (D) fiber vibration method (Reproduced with the permission of [52])

1.3.3.4 Microwave assisted SPME (MAE-SPME)
Microwave-assisted extraction (MAE) is an extraction technique based on extracting the
target analytes from solid matrices by using polar solvents such as water [53-55]. The principle
behind the technique is based on the water/polar solvent molecules’ ability to absorb the
microwave energy and this leads to temperature and pressure increases. The process disrupts the
hydrogen bonds therefore migration of ions increases with the induced dipole rotation of
molecules and this enhances the entrance of the solvent to the sample matrix easily [56]. A
typical MAE system is presented in Figure 1.5.
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Figure 1.5. A microwave-assisted SPME system (Reproduced with the permission from [57])

When MAE is combined with the SPME, extraction speed dramatically increases and this
decreases the solvent consumption when comparing purely microwave assisted solvent
extraction systems. Considering polar solvents are used, the extraction of polar and
medium-polar analytes from solid matrices are suitable for MAE-SPME. MAE-SPME is utilized
in the extraction of the environmentally important analytes and it has been proven that it has
significant advantages. Combination of MAE and SPME resulted as a simple and inexpensive
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method. Similar to HS-SPME, it requires small sample amounts and the sample preparation time
is also short. Especially for the volatile compounds MAE-SPME could be a very handy
microextraction technique alternative to HS-SPME [58].

1.3.3.5 Matrix SPME
Matrix-SPME utilizes the entire sample matrix as a reservoir for the equilibrium. In this
approach, a small piece of coated fiber (typically PDMS coated) is inserted into the sample
matrix. Later, allowing the time for the target analytes and the fiber to reach extraction
equilibrium. In the final step, the extracted amount of the target analyte is measured. The
difference between matrix-SPME and fiber SPME is the usage of the entire sediment matrix as a
reservoir. Considering extraction takes place in a closed vial, such method is highly effective to
avoid toxic chemicals in the process of sample preparation. It eliminates the transfer of the
foreign substances from the environment to the sample. Since it is less time consuming than the
traditional extraction methods, it could be more useful in large-scale sample preparations. In
2000, Mayer et al. [59] successfully extracted environmentally important pollutants from
sediment pore-water.

1.3.3.6 Membrane enclosed SPME
Membrane protected SPME is a passive sampling technique. In this type of SPME, the
sorbent is covered with a membrane, which has pores on it. When the sample matrix contains
interference species that are larger than the target analyte, this method is effective because the
pores on the membrane do not allow the large interference species to reach the extraction
medium. Vrana et al. [60] developed a membrane-protected SPME system by using PDMS as a
coating covered with a PDMS membrane. Hydrophobic pollutants were extracted by such
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membrane-enclosed sorbent for GC-MS analysis.

1.3.3.7 Stir bar sorptive extraction (SBSE)
As it could be seen from the name of the extraction technique, stir bar sorptive extraction
includes a stir bar coated by an extraction medium. Stir bars are usually 1 cm in length and the
coated sorbent usually has a thickness of 0.5 mm or 1.0 mm. Such stir bars are also commercially
available with marketed under the name of Twister in the market. Basically, a magnetic rod is
coated with a sorbent (most commonly PDMS) and this combination is placed in a glass jacket.
Liu et al. [61] developed sol-gel coated SBSE sorbents, which will be explained in the sol-gel
sorbents chapter with more detail. Lambert et al. [62] developed restricted access material coated
stir bars and used it for the caffeine extraction. Bicchi and et al. [63] used dual phase coated stir
bars for both immersion and headspace modes of SBSE and head space mode (Figure 1.6). These
new materials had two parts, the interior part was carbon adsorbent and exterior part was PDMS
coating. Besides traditional SBSE designs, 8 cm long glass rods or glass tubes were also coated
using larger amount of PDMS (250 μL) were also developed for use in SBSE [64].

Figure 1.6. Coated stir bars for SBSE (reproduced with the permission from [65]
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SBSE is also a non-exhaustive method. In this method, suitable amount of sample is
contained in a vial or a glass container. The SBSE bar is always stirred in the microextraction
process and usually it stays in this situation from 0.5 h to 4.0 h. Extraction time depends on the
sample volume, stirring rate and stir bar dimensions (therefore coating amount). Usually,
extracted amount or analyte recovery in some cases, is plotted against time and the optimum
extraction time is determined from such graphs. Such method is found out to be very effective in
the extraction of low concentrations of organic compounds from aqueous samples. In some
cases, organic modifiers are added to the sample matrix therefore high recovery rates can be
achieved due to lower adsorption of the analytes to the stir bar. Such materials are used for
usually nonpolar analytes, however if there are analytes with various polarities (polar and
nonpolar analytes) amount of the organic modifier should be adjusted.
When the extraction is completed, the stir bar is removed from the sample container and
the excess water on the surface of the stir bar is removed by simply putting on a paper. This
process does not cause any loss of the extracted analytes because due to the structure of the
SBSE stir bars, the extracted analytes is remain sorbed by the sorbent (PDMS). Therefore, in
some case, rinsing with distilled water, could be effective to remove sugars and proteins
adsorbed outside which was of the stir bar. Usually, thermal desorption is utilized after
extraction; however, in some cases, liquid desorption could be an alternative to the thermal
desorption. In the latter case, in a small vial the stir bar is placed with a nonpolar solvent, and
desorption is performed and this procedure is typically followed by a GC analysis. Depending on
the sample matrix the used stir bars can be reused between 20 to 50 times.
SBSE was used with GC and HPLC and it was utilized in environmental [66], food [63,
67-69] biological and life science applications [70, 71]. Even though SBSE is more sensitive
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than SPME fibers, need of a thermal desorption unit is a disadvantage and makes SBSE
automation difficult.

1.3.3.8 Thin-film microextraction
In 2003, Pawliszyn et al. developed a PDMS containing thin-film and utilized it in SPME
[72]. They argued that the thin films contain more sorbent therefore it showed increase the
extraction efficiency. They utilized a PDMS thin film SPME device and compared its
performance of this sorbent with that of PDMS coated fiber. As it was expected, due to the
higher sorbent loading in the thin film, the extraction efficiency of PAHs was higher with the
thin film. A key factor should be mentioned in this case. Considering the sorbent amount is an
important parameter determining the extraction efficiency, in the development of SPME fibers,
usually thicker coatings have been aimed at, to provide higher sorbent loading. However, it
should be noted that higher thicknesses of the sorbent coatings result in longer extraction and
equilibration times. With the development of thin-film extraction this drawback has been
overcome. According to Pawliszyn et al. [72], headspace extraction is also suitable for such
technique. It should be noted that in thin-film microextraction transferring the analytes to the
analytical systems such as GC or HPLC is not as simple as in fiber SPME or other
microextraction techniques.
TFME could be used in various formats. In the most common type, the membrane is
directly placed in the sample matrix. In other formats a support (a steel rod or a cotter pin)
supports the film to avoid the membrane bending. Eventually, a format called 96-plate method
[73] was also developed and in this format extraction sorbent is coated on a blade shaped
substrates.
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TFME was applied to various sample matrices, such as gas, liquid and solid. Drugs or
explosives were analyzed by ion mobility spectrometer such experimental data showed that
TFME is more sensitive than conventional fiber SPME [72]. Additionally, TFME was used for
the extraction and analysis of odors in air was also used as sample matrix as well as human
breath. TFME was also applied as a sample preparation tool for PAHs, pesticides, phenols and
nitrosoamines [74, 75].

1.3.3.9 In-tube SPME and capillary microextraction (CME)
In-tube SPME initially started with the usage of small portions of GC columns as extraction
devices. This technique was easy to automate with chromatographic systems. It was more
advantageous than the fiber-SPME because of higher surface area which lead higher extraction
efficiency. Additionally, fiber breakage problem is easily overcome in in-tube SPME because the
coating stays protected within fused silica capillary. However, due to lack of chemical bonding
of the sorbent coating to the capillary wall, in in-tube SPME sorbents, there were also
disadvantages of in-tube SPME, such as low desorption temperature and poor solvent stability.
Sol-gel CME, was invented by Malik et al. in 2002 [76], is a technique which contains a
surface coating or a monolithic bed in a fused silica capillary as an extraction sorbent. In this
technique, the analytes are extracted by the sorbent as the sample flows through the capillary.
The main advantages of CME are its simplicity, cost effectiveness, solvent-free extraction
capability and easy hyphenation with other analytical systems [77-79]. CME has been used in
hyphenation with GC [80-83], HPLC [79, 84-87] (See Figure 1.7), and CE [29, 88]. A variety of
CME sorbent coatings have been reported.
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Figure 1.7.Experimental setup for CME-HPLC with sol-gel coating. (Reproduced with the permission from [86])
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Even though CME possesses useful advantages, it is not commercially available unlike
SPME fibers. Instead, often scientists must use a small segment of GC columns as a CME
device. The stationary phase film inside of GC columns is characterized by sub-micrometer (vs.
~ 100 µm typical coting thickness in fiber SPME) which translates as samller sample capacity
than SPME fibers. Development of target-analyte specific sol-gel sorbents for CME
compensated the low sorbent loading of the capillary-based microextraction formats.

1.3.3.10

Sol-gel materials in SPME

1.3.3.10.1

Introduction

Sol-gel materials have been used in the sample preparation field extensively, especially
were used as extraction media in various formats such as surface coatings and monolithic beds.
Fiber-SPME, stir bar sorptive extraction, capillary microextraction, needle trap solid phase
extraction, hollow fiber solid phase extraction, hollow fiber sorptive extraction, plunger in
needle, packed syringe and planar SPME are the other examples of formats that have used
sol-gel extraction media.
In this section, sol-gel materials in the above-mentioned sample preparation techniques
will be reviewed. Initially, the sol-gel technology in such formats will be briefly explained and
properties of the sol-gel materials will be mentioned. Various applications of sol-gel materials as
extraction media, their target analytes, instrumentation and extraction performances of such
materials will also be provided.
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1.2.1.1.1

Sol-gel synthesis

The phrase sol-gel stands for colloidal solution that contain dispersed solid particles in a
liquid medium where the particles condense together to form a continuous three-dimensional
network. This typically involves hydrolysis of a sol-gel precursor accompanied by concurrently
occurring polycondensation reactions that ultimately lead to a gel formation.
Sol-gel technology has been used in various scientific and engineering fields due to its
advantages such as easier controllability of size and shape, enhanced manageability, mild
reaction conditions and unique combinations of the precursors.

1.2.1.1.2

Chemical reactions in sol-gel process

Hydrolytic sol-gel process mainly consists of two major reactions: (a) Hydrolysis of the
precursors and (b) condensation. In the initial step, the precursors partially or fully hydrolyzed
usually in the presence of acid, base or fluoride catalyst. Following the hydrolysis, hydrolyzed
precursors undergo condensation reactions and form an amorphous three-dimensional network.
In the case of sol-gel surface coatings and monoliths, during the polycondensation, the evolving
network can condense with the hydroxyl groups on the substrate surface leading to a covalent
bonding between them. Such bonding provides higher thermal and solvent stability to sol-gel
extraction phases which contain such materials. An example of a hydrolytic sol-gel process is
schematically presented below in Figure 1.8.
Porosity, surface area, rigidity and polarity of SPME media play an important role in the
extraction of analytes. For sol-gel extraction media, these properties depend on selected reaction
conditions as well as precursors, organic ligands, catalyst, solvents, temperature, aging and
drying.
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Figure 1.8. Polycondensation reactions and chemical bonding of the sol-gel network on the fused silica wall

27

1.2.1.1.3

Characterization of sol-gel microextraction sorbents

To understand the microextraction behaviors of the sol-gel sorbents, chemical bonds in
the three-dimensional structure and surface chemistry and morphology of the sorbents should be
investigated. Scanning electron microcopy (SEM) is a widely used tool to understand the surface
morphology, porosity and structural details of the sol-gel materials [89]. Especially, the thickness
of the coatings can be obtained from a technique. The obtained information on coating thickness
can be further used to estimate the sorbent amount in the coating. Scanning electron microscopy
(SEM) images could be useful to observe the thickness and the fine structural details of the
sorbents. In some studies, atomic force microscopy [90, 91] and X-ray photoelectron
spectroscopy [92, 93] and energy dispersive X-ray spectroscopy (EDS) have also been used.
To identify the chemical bonds and functional groups in the sol-gel sorbents, Fourier
transform infrared spectroscopy (FTIR) [91, 94-96] as well as nuclear magnetic resonance
(NMR) [97-99] have been used. The thermal stability of the sol-gel materials and the amount of
the inorganic or organic substance in such materials can be determined by using thermal
gravimetric analysis.
pH stability tests to observe the behavior of the sol-gel coatings under extreme pH
conditions, lifetime studies, and microextraction profiles to find out the equilibration time of the
sorbents are important aspect of sol-gel extraction media characterization.

1.2.1.1.4

Preparation of sol-gel based sorbents

Sol-gel technology provides a facile pathway to preparing surface bonded sorbents (either
in the form of coating or monolithic bed) offering selectivity tuning via effortless incorporation
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of sol-gel active ligands with desired functional groups. Sol-gel sorbents have been used in
different SPME formats to extract target analytes. Sol-gel coatings used in fiber-SPME have
different preparation procedures.

1.2.1.1.4.1 Preparation of sol-gel sorbent coating for fiber SPME
Fused silica fibers are often used as a substrate in fiber-SPME. Such fibers possess a
polyimide coating as a protective layer. The fiber pretreatment is the initial step in fiber coating
preparation. In this pretreatment step the polyimide layer is removed from the fiber end segment
to expose the silica part of the underlying segment’s surface to the sol solution. Therefore, the
silica part of the fiber can be exposed to the sol solution. One way to remove them is to burn the
protective polyimide coating and gently rinse the burned part with methanol. However, some
scientists recommend to use some solvents such as acetone or dichloromethane or in some cases
sulfuric acid was also used for such removal procedure. As mentioned before, the evolving
sol-gel network could condense with the silanol groups on the surface of the silica substrate
however, the number of such groups are low on unpretreated silica surface. Enhancing the
number of the silanol groups is extremely important in this step because the bonding
effectiveness of the sol-gel network highly depends on the abundance of the silanol groups. In
this case, more chemical bonding mean more stable and uniform sol-gel coating on the fused
silica surface. Enhancing the silanol groups is usually accomplished by soaking the fiber in a
strong NaOH solution (1 M) and later neutralizing the excess base by HCl (0.1 M). After
thoroughly washing the treated fiber with water, the silica surface is ready to be coated with sol
solution.
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Malik et al. developed the sol-gel fiber coating procedure which involves the dipping of
the pretreated fiber in a sol solution for a certain amount of time [89]. Subsequently, the fiber
was removed from the sol solution with a sol-gel coating on the surface. In order to get the
desired coating thickness, such procedure could be repeated [89]. When the desired coating
thickness was achieved after a number of dipping steps, the sol-gel coated fiber is conditioned in
a GC injection port in the presence of helium of nitrogen flow. Ultimately, the fiber is removed
from the injection port and could be used in the microextraction processes [89]. A schematic of
their homemade SPME fiber device can be seen in Figure 1.9.

1.2.1.1.1.1

Preparation of sol-gel coated capillaries for CME

Malik et al. introduced sol-gel coated CME capillaries in 2002 [76], and according to
their coating protocol, sol-gel based sorbents for CME are prepared in four steps: (a)
pretreatment of the fused-silica capillary (b) preparation of the sol-gel solution (c) coating of the
fused silica capillary and (d) conditioning the coated capillary.
Pretreatment of the fused silica capillary is the first step in the preparation of sol-gel capillaries.
The purpose of this step is to increase the number of the silanol groups on the inner surface of
the fused silica capillary. Initially, the fused silica capillary is rinsed by water to remove the
surface contaminants which could originate from the capillary drawing process. Here, the
capillary is sealed in both ends and conditioned in GC oven in typical temperature of 350 °C.
This process is to increase the silanol groups, because due to high temperatures (~2000 °C)
during the capillary drawing process, the number of siloxane groups could be drastically
reduced. It is not desirable because the sol-gel network connect to the inner wall of the capillary
by these reacting with silanol groups. Therefore, it is highly important to have enhanced
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concentration of silanol groups on the fused silica capillary inner surface. After conditioning, the
ends are cut-open and capillary is rinsed with organic solvents such as methanol or methylene
chloride. Following that, the capillary is purged with nitrogen or helium flow for ~1 hour by
using a homemade purging/coating device [100] and conditioned once again in the GC oven by
flowing helium or nitrogen. Eventually, the conditioned empty fused silica capillary is cooled
down to room temperature.

Figure 1.9 Sol-gel coated fiber device in homemade SPME device (Reproduced with the
permission from [89])
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Preparation of the sol-gel is a key step in the coating process, because the material
used in the extraction is the sol-gel itself. In this case, sol-gel precursors, co-precursors, catalysts,
solvents are used to create the desired the sol-gel. It must be mentioned that deactivating reagents
are often used in sol solutions. Such materials are used to chemically derivatize the unreacted
silanol groups on the surface of the fused silica capillary. Simply, such chemicals
(hexamethyldisilazane, poly(methylhydrosiloxane), etc.) are incorporated in sol solutions and
deactivation of the silanol groups take place during the thermal conditioning step carried out
after the coating process. This is a good advantage of the sol-gel coatings over traditional
coatings.
Following the preparation of the sol solution, the pretreated fused silica is coated. To
achieve that, Malik et al. [100] used a homemade purging/coating device (See Figure 1.10).
Under nitrogen or helium flow (~3-5 psi) the sol solution slowly fills the previously installed
fused silica capillary. After the capillary has been completely filled, the exit end is capped with a
rubber septum. The sol solution remains inside of the fused silica capillary for a while (~ 1 hour),
which leads the formation of the three-dimensional sol-gel network simultaneously it chemically
reacts with the silanol groups on the surface of the fused silica capillary to form covalent bonds.
After coating sol solution vial is removed from the filling/purging device and, the nitrogen or
helium pressure is increased and the unreacted or residual amount of the sol solution is expelled
from the capillary. As a final step, the capillary is dried under nitrogen or helium flow.
Following this, the creation of the sol-gel coated fused-silica capillary is installed in a GC oven.
With a temperature programming (such as 40 °C to 300 °C with 2 °C/min), it is thermally
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conditioned while simultaneously being purged with an inert gas flow. In this process, inert gas
removes the unreacted sol-gel components and expel contaminants at high temperatures.

Figure 1.10. Schematic of a homemade coating/purging system designed by Malik et al.
(Reproduced with the permission from [100])

1.2.1.1.2

Sol-gel coatings for fiber-SPME and CME: A Literature Survey

1.2.1.1.2.1

Silica-based sol-gel polysiloxane coatings

In 1997, Malik et al. [89] reported the first sol-gel SPME coating for microextraction by
using polydimethylsiloxane (PDMS) in the sol-gel coating. The used sol solution ingredients are
presented in Table 1 below:
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Table 1.1 Ingredients of sol-gel PDMS coating solution for SPME fiber prepared by Malik. et al.
Ingredient

Function

Methyltrimethoxysilane (MTMS)

Sol-gel precursor

Hydroxy-terminated PDMS

Sol-gel active polymer

Polymethylhyrosilane (PMHS)

Deactivating Reagent

Trifluoroacetic Acid (TFA) with water

Catalyst

The process described in the previous section regarding coating was followed.
Ultimately, the fiber with the sol-gel coating was attached to the plunger of a homemade SPME
device and conditioned under helium flow in the injection port with the FID turned on. The
conditioning process was repeated until a stable GC baseline was observed. It was found that the
sol-gel sorbent possessed high thermal stability stable (320 °C and higher). It should be noted
that the prepared sol-gel fiber did not show any sign of bleeding at 320 °C. Ultimately, the
sol-gel fiber hyphenated to GC-FID was used for SPME-GC analysis of both polar and nonpolar
analytes.
Malik et al. also prepared a sol-gel coated capillary by using PDMS [76]. This was the
first report sol-gel CME. In this case, the PDMS containing sol-gel, like in the SPME fiber
developed by the same group, was coated on the inner wall of a piece of fused silica capillary.
This was done by using a homemade coating system. Basically, the fused silica capillary was
installed on such homemade system and with the help of the helium pressure, the sol solution
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introduced into the capillary. This way the capillary was filled with the sol solution allowing the
latter to stay in the capillary for a certain time (~1-2 h). Following that, the capillary purged with
helium flow and later the coated capillary was conditioned in a GC oven. Additionally, the
CME-GC experiments were conducted by using a homemade gravity-fed sample dispenser. The
authors reported that for the PAHs, less than 1 ng/L levels of detection limits for PAHs were
reported.
In the study of Caruso et al. [101], sol-gel PDMS fibers were used with inductive coupled
plasma- mass spectrometry (ICP-MS) in the analysis of amino acids and low levels of detection
limits were achieved.
The sol-gel fiber preparation method invented by Malik et al. was successfully used by
Bagheri et al. [102]. In that study, dextromethorphan and dextrophan were successfully extracted
from human plasma samples by using SPME-GC-MS. The obtained RSD values were between
3.29-4.81% and additionally between 10 to 500 ng/mL levels of analyte concentrations were
detected. Same research group was able to detect fentanyl in human plasma with the detection
limit of 0.03 ng/mL with less than 5% run-to-run RSD values.
Considering BTEX compounds are environmentally important pollutants, SPME-GC-FID
method was also applied to preconcentration of such analytes by de Oliveira et al. [103]. In their
study, sol-gel PDMS coating was created on a glass-ceramic fiber and it led them to achieve less
than 1 μg/L levels of detection limits with the run-to-run RSD values between 4.2 to 5.3%.
A homemade sol-gel coated PDMS fiber was developed by Liu et al. [104] and it was
used to extract trace amounts of estrogens from biological matrices. The PDMS fiber showed an
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enhanced affinity toward the pharmaceutical analytes (tamoxifen and clomiphene) without
requiring derivatization.
Considering polarity and chemical composition plays a major role in the microextraction
of chemical compounds, various organic modifiers were added in the PDMS coatings. This led to
an enhanced selectivity. The organic modifiers used included acrylate [105, 106], crown ethers
[107], poly(vinylalcohol) [108] and butylmethacrylate [109].
In 2005, Liu et al. [105] compared three types of novel sol gel sorbents including
co-poly(methyl acrylate/hydroxy-terminated silicone oil) (MA/OH-TSO), co-poly(methyl
methacrylate/OH-TSO) (MMA/OH-TSO) and co-poly(butyl methacrylate/OH-TSO)
(BMA/OH-TSO). The novel sol gel coatings were used to extract 2-chloroethlysulfide from soil
samples. It was observed that BMA/OH-TSO showed enhanced selectivity than the other sol-gel
sorbents. Reproducibility of the preparation method was characterized by 2.4% RSD, and the
prepared sorbents showed a thermal stability up to 350 °C with a lifetime longer than
commercial fibers.
Guan et al. [110] modified sol-gel PDMS coating by adding vinyl groups in the sol
solution containing PDMS. The created sol-gel sorbent provided 0.4- to 38.2 ng/L detection
limits in the extraction of organopesticides from orange juice, wine and water. In this coating,
PDMS crosslinked in the sol-gel coating due to the presence of vinyl groups.
Poly(vinylalcohol) was also used as a modifier to sol-gel PDMS fibers [16, 108, 111,
112]. It was noticed that the newly developed PVA/PDMS [108] sol-gel sorbents possess high
porosity with a thickness of 5 µm. Ultimately in the extraction of various organic compounds,
PVA/PDMS fibers demonstrated superior microextraction performance over conventional fibers.
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Additionally, Agusto et al. [16] compared performances of sol-gel PDMS/PVA fibers by
conducting extractions and analysis of pesticides from herbal infusions by HS-SPME-GC-ECD
and compared to commercial fibers. It was observed that using such fibers could be good
alternative to commercial SPME fibers in the extraction of organochlorine pesticides.
Zeng et al. [112] created sol-gel sorbents with hydroxyl terminated
polymethylphenylsiloxane (PMPS-OH) with a thickness of 70 µm and with a length of 1.5 cm.
Their results were compared with the commercial which were PDMS, PA and PDMS/DVB
fibers. The homemade sol-gel fiber showed superior microextraction performances than the
commercial fibers due to its greater length and presence of phenyl groups providing π- π with the
target analytes.
β-Cyclodextrin (β-CD) is a donut shaped, cyclic oligosaccharide which possesses a chiral
molecular cavity and they are able to form structure and size specific inclusion complexes. It has
been used in sol-gel sorbents because the presence of such group in the sol-gel structure
increases the hydrogen bonding between the target analyte and the extraction phase. This could
be an advantage in the extraction of polar compounds such as amines and phenols. In 2005, Li et
al. [113] noticed that their homemade PDMS/ β-CD sol-gel coating provided higher
microextraction performance than the commercially available analytes in the extraction of
amines and phenols. They also reported 1.2-2.8 µg/L LODs and they pointed out that the
presence of β-CD groups increased thermal stability of fiber coating and its selectivity.
Zeng et al. [114] developed a highly hydrophobic sol-gel sorbent contained a cavity of
permethylated β-CD and they successfully extracted polybrominated ethers. Zeng et al. also
developed a β-CD containing sol-gel fiber using heptakis (2,6-di-O-methyl)-β-cyclodextrin
(DM-β-CD) [115] blending with hydroxy-terminated silicone oil (OH-TSO) and such fiber was
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used to extract ephedrine (EP) and methamphetamine (MA) from human urine. This study was
an example of combination of advantages of sol-gel technology with the advantages of unique
structural properties of cavity shaped β-CD molecules. Such sol-gel coating with cavities showed
low levels of LODs (0.33-0.60 ng/mL) with less than 5.0% RSD values.
A polar sol-gel coating containing cyano-PDMS in CME was developed by Malik et al.
[116] and such coating was utilized to extract a wide range of analytes from PAHS to
underivatized fatty acids. It was noted that detection limits for free fatty acids were in low ng/L.
Additionally, they reported that these coatings were good at extracting chemical compounds
without the need of salting out or derivatization and the coatings possessed thermal and solvent
stability [116].
Segro et al. [86] developed sol-gel coatings with polydimethyldiphenylsiloxane
(PDMDPS) and used them with CME-HPLC applications. Such coatings provided hydrophobic
interactions and π-π interactions in the microextraction process. Similar to sol-gel PDMS
coating, low ng/L detection limits, excellent run-to-run and capillary-to capillary reproducibility
were achieved sol-gel PDMDPS coated capillaries in CME-HPLC analysis.

1.2.1.1.2.2

Crown ethers

Similar to cyclodextrins, crown ethers are also utilized in chromatographic applications
due to their unique cavity shaped structures. Such compounds are known to provide enhanced
selectivity toward polar compounds due to their cavities and strong electronegativity of their
heteroatoms on the crown ether rings. Crown ethers were utilized as organic modifiers in the sol
solution to enhance the selectivity of the sol-gel sorbents.
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Zeng et al. [107] created a sol-gel sorbent on a fiber by utilizing
hydroxydibenzo-14-crown-4 (OH-DB14C4) with silicone oil in order to microextract phenols.
The presence of the heteroatoms in the newly synthesized sorbent provided moderate polarity
and less than 0.1 ng/mL limit of detection. In another study of the same research group, three
different crown ether containing sol-gel sorbents were created and used as extraction media for
HS-SPME-GC analysis. Such sorbents contained OH-DB14C4, dihydroxy- substituted saturated
urushiol crown ether (DHSU14C4), and 3,
5-dibutyl-unsymmetry-dibenzo-14-crown-4-dihydroxycrownether (DBUD14C4). The authors
observed that for amines the microextraction efficiency decreased with the increase of the alkyl
groups. This could be due to a decrease in the polarity of the extraction media after the addition
of alkyl groups as well as increase in the steric hindrance.
Cai et al. [117] developed a sol-gel coating by using dibenzo-18-crown-6 and PDMS
with silicone oil and they extracted aliphatic amines. They compared their experimental results
with those of commercial PDMS and PA SPME fibers. They concluded that the newly developed
crown ether sol-gel sorbent provided higher selectivity compared to above-mentioned
commercial SPME fibers.
In 2003, Yun et al. [118] developed a sol-gel coating with crown ether by using α,
ω-diallytriethylene glycol with silicone oil here vinyltriethoxysilane was used to crosslink the
cavity group in to the three dimensional sol-gel network. Additionally, UV radiation was used to
initiate the cross-linking.
Wu et al. [119] developed crown ether-containing sol-gel coatings for SPME and in these
coatings, dihydroxy-terminated benzo-15-crown-5 (DOH-B15C5) was used as crown ether. They
created the sol-gel coatings of different thicknesses and it was observed that their crown ether
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sol-gel coatings possess high thermal stability which is important for SPME-GC analysis because
high temperatures can be used to achieve more couple desorption of target analytes from the
SPME coating and significantly reduce the carry over problem of SPME fibers. Another study of
the same research group [120], investigated the dependence of the microextraction performance
of the amount of crown ether (allyloxy bisbenzo 16-crown-5-trimethoxysilane) in sol-gel
coatings. The microextraction behavior of the crown ether containing sol-gel sorbents was also
investigated by Wu et al. [121] who developed sol-gel sorbents with vinyl crown ether. Three
different vinyl crown ethers were utilized in individual SPME fibers: 4’-allyldibenzo-18-crown-5
(allyl DB18C6), 3’- allyldibenzo-15-crown-5 (allyl B15C5), and allyloxy
ethoxymethyl-18-crown-6 (allyl PS018C6). After the extraction of OPPs from food samples, it
was noticed that microextraction performance of allyl B15C5 and the allyl DB18C6 fibers,
which could be due to the presence of the benzyl groups that cause π- π interactions with the
target analytes. Additionally, the enhanced performance of the above-mentioned sol-gel coatings
was explained by the larger dipole moment and higher polarity of such sorbents.
Ibrahim et al. [106] utilized 2-Hydroxymethyl-18-crown-6-polydimethylsiloxane and
created a sol-gel coating for fiber SPME. OPPs were extracted and analyzed by GC-ECD system
providing less than 5.0 ng/g levels of limit of detections with less than 8.0% of RSD values.
1.2.1.1.2.3

Sol-gel calixarenes

Calixarenes are macrocyclic compounds which are formed by hydroxyalkylation of
phenols and formaldehyde. Their unique structural characteristics attracted scientists in the
microextraction field. Bianchi et al. [122] created a quinoxaline-bridged cavity unit in their
sol-gel coatings on fibers and such fibers provided thermal stability up to 400 °C. Zeng et al. also
created sol-gel sorbents with calixarenes that provide high thermal stability.
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Zeng et al. [123] developed a sol-gel coating containing PDMS with amide-bridged
calix[4]arene and such coating was used to extract low-molecular weight aliphatic amines from
fish samples with GC-FID analysis. Detection limits of 0.19 to 39.51 μg/L were obtained and
their run-to-run RSD values ranged from 1.4 to 5.1%. Later, they used
diglycidyloxycalix[4]arene and dihydroxycalix[4]arene in their sol-gel coatings [123] and they
used such sol-gel coated fibers to extract PAHs, benzenes, aromatic amines and phthalates.
Similar to other reported calixarene-based sol-gel coatings, these two sorbents also provided a
high thermal resistance (380 °C) as well as solvent stability thanks to strong chemical bonding
between the silica substrate and the sol-gel sorbent. The same research group also developed a
sol-gel coating [124] by utilizing 5,11,17,23-tetra-tertbutyl-25,
27-dihydroxy-26,28-diglycidyloxycalix[4]arene. Such a coating also had excellent thermal and
solvent stability.
Zhou et al. [125] utilized diglycidyloxcalix[4]arene-based sol-gel coating in order to
extract propranolol enantiomers from human urine. In this system, capillary zone electrophoresis
(CZE) with diode array detector (DAD) were used and the obtained LODs were 0.01 µg/mL.
1.2.1.1.2.4

Sol-gel hydroxyfullerenes

Fullerenes have unique spherical shapes and they have been successfully utilized as
stationary phases in LC and GC. Such stationary phases possess wide operational temperatures
and selectivity towards aromatic compounds due to the presence of conjugated three dimensional
π-electronic system.
Yu et al. [126] developed a hydroxyfullerene-based sol-gel coating which contained
fullerol with hydroxyl terminated silicon oil. They extracted PCBs, PAHs and aromatic amines.
The extraction performance of such coating was evaluated by using a GC-ECD and GC-FID
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system and their experimental results proved that the newly developed fullerene-based
SPME-sorbents provided higher sensitivity and faster mass transfer for the above-mentioned
chemical compounds. The reported LOD values were in low ng/L (less than 0.06 ng/L) and with
the RSD values less than 5.0% for the PCBs. The sol-gel coating was thermally stable up to 360
°C and remarkable solvent stability was also observed. The thermal stability was important in
this case, because higher boiling point analytes require high desorption temperatures in
SPME-GC applications. Fullerene-based sol-gel fibers also showed an enhanced lifetime: no
deterioration was observed after repeatedly using the fiber more than 190 times.
1.2.1.1.2.5

Sol-gel polyglycol SPME coatings

Polar analytes such as acids, phenols and amines are usually extracted by using a polar
commercial SPME fiber containing PEG. However, it is known that without derivatization, pH
modification, salting out processes, extraction of such analytes could be difficult. Additionally,
the lack of chemical bond in the commercial PEG-SPME fibers led to a low thermal and solvent
stability. Sol-gel technology was applied to solve this problem through creation of PEG based
sol-gel sorbents. In this case, PEG or its derivatives, grafted PEGs were utilized in sol-gel
sorbents.
First, PEG based polyglycol type sol-gel coating was reported by Chong et al. [89]
Subsequently, PEG-based SPME fiber was developed by Wang et al. [19] in 2000. In their novel
work, superox-4 (PEG) was utilized in the sol-gel sorbent. Their SEM data revealed a high
porosity of such newly developed structure and both polar and nonpolar analytes (BTEX,
phenols, phthalic diesters) were extracted for SPME-GC analysis. It was found out that sol-gel
coating had a thermal stability and a long lifetime.
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SPME fibers with Carbowax 20M organically modified silica (ormosil) containing SPME
fiber was developed by Augusto et al. [127]. Similar to the initial work of Wang et al. [19] on
PEG containing SPME fibers, their sol-gel coating was also highly porous. They also provided
that the thickness of such coating was (8 ± 1) μm. They revealed that sol-gel coating with
carbowax had a superior microextraction performance over commercial PDMS and commercial
carbowax-DVB SPME fibers. It was noted that the extracted amount of o-xylene with the sol-gel
coating was 230% higher than commercial PDMS fiber and 540% higher than commercial
carbowax-DVB fibers.
Considering that surface area of sol-gel sorbents is an important factor in the
microextraction, Augusto et al. [127] developed a sol-gel coating based on PEG with
multi-walled carbon nanotubes (PEG-g-MWCNTs). In such a coating, high polarity of the PEG
was combined with exceptional structural properties of CNTs such as large surface area, ability
to provide π-π interactions, good chemical and thermal stability. BTEX as well as
anti-inflammatory drugs were microextracted from water samples using sorbents for GC-FID
analysis. Less than 0.003 ng/mL levels of LODs were achieved with under 10% RSD values.
Sarafraz-Yazdi et al. [128] compared microextraction performances of the sol-gel
coatings with PDMS, PEG and PEG-g-MWCNT. In the extraction of various PAHs from saffron
extract, it was seen that PEG-g-MWCNT containing sol-gel coating provided higher extraction
efficiencies. The obtained run-to-run and batch to batch RSD values were less than 10% and the
obtained LOD values less than 10 pg/mL. The authors explained the superior microextraction
performance toward PAHs due to the presence of strong π-π interaction between the analyte and
the PEG-g-MWCNT containing sorbent.
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Zhang et al. [129] developed a PEG modified single –walled carbon nanotubes
containing novel sol-gel coating and used it with GC-ECD in the extraction of chlorinated
organic carriers for GC-ECD analysis. Considering single-walled nanotubes possess smaller
diameters, incorporating such materials in sol-gel coatings lead such sorbents with a higher
surface area and higher microextraction performance than the commercial SPME fibers.
Additionally, another reason for that could be the carbon atoms in the carbon nanotubes have the
mixed sp2 and sp3 hybridization, therefore such system could enhance the π–π interaction
between the sorbent and the aromatic chlorinated organic carriers.
In CME, PEG-based sol-gel sorbents were also used. Malik et al. designed a PEG-based
sol-gel coating [130] for CME-GC and extracted amines, phenols and alcohols. The polar nature
of the coating lead to effective extraction of the analytes from mentioned chemical classes,
which led to less than 10 ng/L of detection limits for amines and alcohols. Such coating also
provided excellent run-to-run RSD values (less than 5%). This coating with PEG demonstrated
excellent thermal stability and solvent stability.
1.2.1.1.2.6

Poly(tetrahydrofuran) (PTHF)

Malik et al. [131] created a sol-gel silica-based sorbent with PTHF for CME-GC-FID
analysis and a titania-based sol-gel coating for CME-HPLC-UV. Both of the sorbent possessed
medium polarity and were used to extract both polar and non-polar analytes. It was noticed that
titania-based sorbent microextracted polypeptides near the isoelectric points of such analytes and
additionally titania-based sorbent showed the same microextraction performance even after long
exposure of solutions with extreme pHs. Additionally, coating was still stable at 320 °C.
Titania-based sorbents will be described with more detail later in non-silica based sol-gel
coatings section.
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1.2.1.1.2.7

Dendrimer

Dendrimers are branched polymers which could be a possible alternative to the linear
polymers that have been used in sol-gel based sorbents. Such molecules can be fine-tuned and
their functionality can be easily controlled by modifying such branches. Their physical properties
are also quite different to their linear analogs. Additionally, their branched structures create an
opportunity to incorporate various kinds of functional groups at the same time in one structure.
Such unique properties of dendrimers make them exotic candidates to traditional extraction
media.
In 2001, Newkome et al. [132] created surface bonded sol-gel dendritic stationary phase
on the walls of fused silica substrate. It was observed that such stationary phases provided
selectivity toward various analyte classes in GC. This study was a good example of usage of
combination of such supramolecular structures with chromatographic separations. Additionally,
using sol-gel technology with such molecules and bonding them to the fused-silica substrate
created new possibilities for new hybrid organic and inorganic materials. A scheme of surface
bonded sol-gel dendrimer coating could be seen in Figure 1.11.

Kabir et al. [133] achieved low parts per trillion (ppt) levels of LODs in CME-GC-FID
analysis by using dendrimer-based sol-gel sorbent in the CME of both polar and nonpolar
chemical compounds. Such sorbents provided a thermal stability along with solvent stability due
to strong chemical bonding between the sol-gel coating and the fused silica capillary wall. The
obtained run-to-run RSD values were between 2.0 to 9.2% which is indicative of good run-to-run
repeatability.
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Figure 1.11. Surface bonded sol-gel dendrimer coating (Reproduced with the permission from
[133])
1.2.1.1.2.8

Ionic liquid (ILs) mediated sol-gels

Considering the fact that porosity plays an important role in the sample capacity of the
sol-gel coatings, porogens are often used to achieved porosity of sol-gel sorbents. ILs were also
one of the porogens that have been used in this context. Following that, unique properties of ILS
such as their low toxicity, high thermal stability, and low vapor pressure attracted the attention of
the analytical science community and it was observed that such compounds have drastic effects
on the porous structure of sol-gel sorbents. It is known that cracking and shrinking could be
major problems for sol-gel sorbents, and it was seen that after addition of ILs, cracking and
shrinking due to the solvent evaporation from the sorbent pores also decreased.
Initially, Shearrow et al. [81] created an IL-based sol-gel sorbent and used it with
CME-GC-FID in order to extract nonpolar and moderately polar analytes. In the created sol-gel
sorbents, PDMS, PEG, PTHF and bis(3-methyldimethoxysilylpropyl)propylene oxide were used
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along with the ILs [trihexyltetradecylphosphonium tetraborate (TTPT) and
N-butyl-4-methylpyridinium tetrafluoroborate (BMPT)]. It was reported that such ILs did not
affect the extraction efficiency of the sol-gel sorbents. The reason for that could be the
decomposition of the ILs in thermal conditioning or rising steps in the preparation of the sol-gel
sorbent. In their study, there were two different sol-gel active polymers: One containing Si-OH
group and the other one containing C-OH group. Both polymers were used with or without ILs in
the preparation of the sol-gel coatings. They reported that IL mediated sol-gels with Si-OH
provided 28 times higher extraction efficiency than the sol-gel coatings with no ILs. In contrast,
the opposite situation was observed where polymers contained C-OH bonds. The reason for that
could be the ineffective chemical bonding of the C-OH terminals of the polymer.
In another study of Shearrow et al. [80], trihexyltetradecylphosphonium tetrafluoroborate
(TTPT) and 1-methyl-3-octylimidazolium chloride (MOIC) were used as ILs in the preparation
of the sol-gel coatings for CME-GC-FID analysis. Similar to their above-mentioned study [81],
again they used two different sol-gel active polymers: Poly(dimethyl-co-diphenylsiloxane) and
bis[(3-methyldimethoxysilyl)propyl]propylene oxide (BMPO). They reported that the sol-gel
sorbents which contained IL in the sol solution provided higher extraction efficiency than their
counterpart which did not have IL in the sol solution. They reported that the prepared sol-gel
coating has pores also possessed a remarkable thermal stability (330 °C) and solvent resistance.
Liu et al. [134] prepared sol-gel fibers by using two ILs: 1-allyl-3-methylimidazolium
hexafluorophosphate and 1-allyl-3-methylimidazolium bis(trifluoromethanesulphonyl)imide. In
such sorbents, they established bonding of the ILs to the structure of the sol-gel sorbent. In order
to achieve that, they utilized γ-methacryloxypropyltrimethoxysilane as a bridge in the sol-gel
network for cross-linking. Ultimately, the obtained sol-gel coatings were thermally stable,
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solvent stable and possessed pH stability. They used the, IL mediated sol-gel fibers to extract
polar phenolic environmental estrogens (PEEs) and aromatic amines. It was reported that the
unique structure of the novel sorbents provided π-π interactions and strong electrostatic
interactions with the aromatic analytes. The obtained detection limits were between 0.0030 to
0.1248 μg/L with RSD values remain under 6% for the mentioned analytes in water samples.
Zhou et al. [135] also incorporated an IL ([AMIM][N(SO2CF3)2]) in a sol-gel sorbent
which was used for the microextraction phthalate esters from plastic films. IL containing sol-gel
sorbent provided high thermal stability (360 °C) and LODs in the range of 0.003 to 0.063 μg/L.
The RSDs values were lower than 10% in SPME-GC analysis in the microextraction of phthalate
esters. When compared with commercial PDMS, PDMS/DVB and PA fibers, sol-gel IL
mediated sorbent provided comparable or higher extraction efficiency for the phthalate esters. In
2011, the same research group prepared a sol-gel sorbent which was mediated by a crown
ether-based IL, 1-allyl-3-(6′-oxo-benzo-15-crown-5 hexyl) imidazolium hexafluorophosphate. It
was revealed that such a sol-gel fiber had a porous surface structure and high temperature
stability (340 °C), was stable when exposed to organic solvents and acidic and basic solutions.
Sol-gel crown ether functionalized IL-based coating showed excellent selectivity toward
alcohols, esters, phenolic environmental estrogens, fatty acids and amino acids. Those authors
also noted such selectivity is may have originated from the presence of the IL in the sol-gel
coating. Crown ether functionalized sol-gel coatings provided less than 7.9% RSD values in
terms of repeatability and reproducibility.
1.2.1.1.2.9

Sol-gel coatings with functional ligands

In most of the nonpolar sol-gel coatings, hydroxyl terminated PDMS polymer was used
as a sol-gel active polymer. To add more functionality, or to adjust the polarity of the final
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sol-gel sorbent, organically-modified silica precursors with different functional groups could also
be used in the sol solution. Azenha et al. [136] utilized methyltrimethoxysilane (MTMOS) and
phenyltrimethoxysilane as sol-gel precursors and prepared SPME fibers for SPME-GC-FID
analysis. They compared the extraction properties of such fiber to commercial PDMS and
CW/DVB fibers and they reported that the microextraction results obtained for microextraction
of nonpolar compounds were comparable to those obtained on commercial SPME coatings due
to the high hydrophobicity of the newly designed sol-gel sorbent.
Segro et al. [85] utilized MTMOS precursor and obtained a methyl functionalized sol-gel
sorbent. The prepared sol-gel coating was hydrophobic in nature, however, they also observed
that such coating had an affinity to polar analytes as well. In another paper of Segro et al. [84],
methyl-, octyl- and octadecyl- functionalized sol-gel coatings were designed and used to extract
various analytes by CME-HPLC. They compared the extraction performance of the sol-gel
coatings with such groups and it was found out that longer chain containing octadecyl-sol-gel
coating provided higher extraction efficiency than octyl- and methyl- coatings due to its superior
hydrophobicity.
In 2008, Bagheri et al. [137] functionalized PDMS, by using 3-(trimethoxysilyl)
propylamine (TMSPA) as precursor and created a sol-gel sorbent on fused silica fiber. Such fiber
was evaluated by utilizing it in a SPME-GC-MS system in the analysis of chlorophenols.
Detection limits of 0.02 to 0.05 ng/mL were achieved with RSDs less than 6.8-10.0%. Those
authors indicated that the proposed coating had high surface area and enhanced sample capacity,
capability to contribute in hydrogen bonding and high polarity. All those factors made the fibers
more sensitive to polar compounds and also made them thermally and chemically stable. In
another study of Bagheri et al. [138], TMSPA was used as a sol-gel precursor in the prepared
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SPME fibers that were used to HPLC with post column derivatization and fluorescence detection
(HPLC-PIF-FD). Their developed method was relatively rapid, simple, with highly sensitive to
various environmental pollutants. Such sol-gel based SPME fiber provided 0.25 to 50 μg/L
levels of detection limits with RSD values between 4.4% and 6.2%.
In a recent study, Seyyal and Malik [139] developed silica- and germania-based sol-gel
sorbents for CME-GC which contain dual ligands such as perfluorododecyl- and phenethylgroups. They reported that germania-based sol-gel sorbent provided higher extraction
efficiencies than its silica-based counterpart by ~ 14% due to higher organic ligand amount in the
structure of the germania-based sorbent. This study was an example of combining π-π
interactions (from phenethyl group) and the hydrophobic interactions (from perfluorinated
ligand) and such coatings were reported to be effective in the microextraction of alkylbenzenes.
Additionally, it was observed that increasing the perfluorinated ligand amount in such sorbents
increased the affinity of the sol-gel sorbent towards aliphatic hydrocarbons. Similarly, increasing
the phenethyl- group amount in the sol-gel coating resulted as an increased sorbent affinity for
aromatic compounds. This became an excellent example of fine-tuning the selectivity of sol-gel
sorbents.
1.2.1.1.2.10

Sol-gel molecularly imprinted polymer (MIP)coatings

Molecularly imprinting is a template-directed polymerization technique. Inert, polymeric
materials could be produced with analyte-receptor sites. Recently, SPME sorbents with MIPs
have been developed and utilized in microextraction of various compounds [140, 141].
Li et al. [140] designed an SPME sorbent with MIP by using BDE-209 as a template.
Their sol-gel sorbent contained phenyltrimethoxysilane and tetraethoxysilane in its sol solution.
The obtained thickness for the sol-gel coated SPME fibers was 9.5 µm and 0.12 µL in volume. It
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was used to extract various dibromophenylether (BDE) compounds. It was reported that sol-gel
sorbent with MIP showed high affinity toward smaller BDE compounds and this could be due to
formation of deformed binding sites. Ultimately, low pg/mL levels of LODs were reported for
such compounds by using SPME-GC-ECD analysis. Uracil and 5-fluorouracil (5FU) were used
as templates in the creation of sol-gel fibers with MIP by Prasad et al. [141]. Such fibers were
used to extract uracil and 5FU from patients who had dihydro-pyrimidine dehydrogenase (DPD)
deficiency. A voltammetric sensor was utilized with the fibers for the detection of such
compounds. They reported that preconcentration of such compounds were 10 and 8.4-fold for
uracil and 5FU, respectively with RSD values of 1.0% to 2.5%. Remarkable LODs were reported
which were 0.025 ng/mL and 0.484 ng/mL for uracil and 5FU, respectively. For the
microextraction of caffeine from human serum, caffeine was used as a template to create sol-gel
MIP sorbent using vinyl trimethoxysilane as sol-gel precursor and methacrylic acid as functional
monomer [142]. Trace levels of caffeine was analyzed by SPME-GC-MS system and 0.1 μg/mL
detection limits were achieved with acceptable intra-day and inter-day precisions. Sol-gel fibers
with MIP provided promising mechanical and thermal stability with excellent durability.

1.2.1.1.1.1

Sol-gel sorbents for the extraction of metals

Initially, SPME fibers have been predominantly used in widely GC applications. Later,
thanks to strong chemical bonding of the sol-gel sorbents to the fiber substrate, SPME fibers
began to get utilized with other analytical methods such as HPLC.
Because of the solvent stability, sol-gel coatings for applications in SPME-HPLC systems for the
microextraction and analysis of organic compounds from various matrices. Ultimately, Gbatu et
al. [101] used such fibers to extract organo-arsenic, organo-mercury and organo-tin compounds
51

from aqueous media. More specifically, toxic materials such as triphenylarsine (Ph3As), diphenyl
mercury (Ph2Hg) and trimethylphenyl tin (TMPhT) were microextracted by such SPME fibers
and analyzed by HPLC-UV system. The LODs for such analytes were ranged from 80- to 647
μg/L.
Zheng et al. [143] designed a sol-gel sorbent in order to extract trace amounts of Cu, Zn,
Ni, Hg and Cd. In their sol-gel sorbent, they utilized
N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (AAPTS) which provided -NH-CH2-CH2-NH2
functional group. For the afore-mentioned metals, LOD values ranged from 1.1- to 11.8 pg/mL
and the RSD values were below 3.6%. They also reported an excellent pH resistance and long
lifetime for their SPME fibers.
Hu et al. [144] developed a sol-gel titania-based sol-gel coating to extract V, Cr and Cu
from aqueous media by using CME. Extracted materials were desorbed by electrothermal
vaporization and analyzed by ICP-MS. An enrichment factor value of 33.3 and low detection
limits (10.5- 63.1 fg/mL) were achieved. The same research group also developed another sol-gel
monolithic sorbent by using AAPTS as the sol-gel precursor. Selective Al+3 extraction along
with (Al-OH, Al-F) was achieved with 6.2% RSD, and 1.6 ng/L LOD using FETV-ICP-MS
detection.
Alumina-based sol-gel surface coating was also used in the extraction of various metals
such as Co, Ni and Cd from aqueous media [145], rice and urine samples, with less than 4.1%
RSD% values and low ppm levels of LODs using CME-ICP-MS .
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1.2.1.1.1.2

Non-silica-based sol-gel coatings

Sol-gel alumina-based fibers were developed by Zeng et al. [146] to extract polar
compounds such as fatty acids in beer by using HS-SPME-GC-FID analysis. Excellent
run-to-run and fiber-to-fiber RSD values were achieved (less than 6.0%). The thermal stability of
the fibers was higher than silica-based polysiloxane sol-gel fibers, which provided excellent
thermal stability (400 °C) and pH resistance. The prepared alumina-based fiber coatings were
able to withstand the pH=14 NaOH solution for 12 hours without showing signs of deterioration
in the microextraction performance.
Zeng et al. created a titania hydroxy-terminated silicone oil sol-gel coating to
microextract polar compounds such as amines and phenols [147]. Similar to alumina-based
sol-gel SPME coatings, this developed titania-based sol-gel coatings also showed an excellent
pH stability and thermal stability (up to 320 °C). The sol-gel sorbent provided less than 1 µg/L
levels of LODs with less than 7% run-to-run RSD values.
Considering this dissertation is focused on CME field, it is important to emphasize the
improvements in CME with metal-oxide sol-gel sorbents.
In sol-gel capillary microextraction Malik and coworkers introduced pH stable sol-gel
sorbents [77, 87, 148-151]. Such sorbents opened a new direction in solid phase microextraction
field. In their initial sol-gel CME work, they created titania-based PDMS sorbent [148] and they
hyphenated such sorbent with HPLC. Online detection of PAHs, ketones and alkylbenzenes
resulted as low ppb levels of detections. They reported that such novel titania-based sol-gel
sorbents provided an exceptional pH stability. Malik et al. later introduced a zirconia-based
sol-gel sorbent [149] for CME and such sorbent was used in CME-GC applications. Similar to
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titania-based sol-gel sorbent, zirconia-based sorbent also showed an exceptional pH stability. In
this zirconia-based sorbent, the organic polymer was PDMDPS, that provided sol-gel sorbent
with the π- π and hydrophobic interaction capabilities. Such pH-stable sorbents were indeed very
unique and helped in widening the CME application range to areas where the use of extreme pH
conditions is a pre-requisite. A key point in the advantages of the above-mentioned sol-gel
sorbents is that, such novel sorbents combine the advantages of metal oxides with the properties
of sol-gel materials. Such sorbents are able to resist solvents and high temperatures because of
their nature being sol-gel, and they are able to extract analytes effectively.
Creation of zirconia-, titania- and alumina-based sol-gel sorbents in CME led to new
discoveries. Malik and coworkers created novel sol-gel sorbents with germania-based materials
[77, 79, 151] and such sorbents were used in CME-GC [151] and CME-HPLC [79] applications.
Germanium dioxide is an isostructural analogue of SiO2 and indeed these new materials were
different from silica-based materials. Malik et al. reported that germania-based PDMDPS sol-gel
sorbent was still stable after rinsing with 0.1 M NaOH for 24 h [151]. In another study of the
same group, 200 °C solvent passed through the germania-based sol-gel coating [79]. In addition
to remarkable solvent stability, germania-based sorbents also provided low parts per trillion level
detection limits with good run-to-run reproducibility.
In a recent study, Alhendal et al. [150] prepared zirconia-based sol-gel sorbents by
following a non-hydrolytic sol-gel route (NHSG) and the sol-gel coated capillaries were coupled
to HPLC. Such sorbents were different from the previously reported sol-gel CME sorbents,
because non-hydrolytic sol-gel route was followed in their preparation. In the extraction of
cathecolamine neurotransmitters, NHSG zirconia-based sol-gel showed a significantly higher
microextraction performance than the sol-gel sorbent prepared via hydrolytic sol-gel route and
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this was due to the higher number of Lewis acid or base sites created by the NHSG route. NHSG
zirconia-based sol-gel sorbent showed a pH stability between pHs 0-14 as well as high
desorption efficiency (95-99.5%).

1.2.1.1.2

Sol-gel sorbents in other SPME formats

Incorporation of sol-technology with SPME resulted in thermally and chemically stable,
mechanically durable sorbents due to the chemical bonding between the sorbent and the
substrate. Usually, such sorbents were created in surface coating and or monolithic bed formats.
Following such innovation, new formats of SPME were developed using the sol-gel technology.

1.2.1.1.2.1

Sol-gel coating in unbreakable copper tubing

Bagheri et al. [152] created sol-gel coatings in copper tubing in order to eliminate the
capillary breakage therefore to give longer lifetime to the extraction system. An LC copper
tubing served as the substrate for the sol-gel coating. To chemically bond the sol-gel coating to
the capillary surface, first inner surface of the copper tubing was thoroughly cleaned and, copper
was electrodecomposited to the surface of the substrate. As a beginning step, a self-assembled
monolayer was created by using a 3-(mercaptopropyl) trimethoxysilane (3-MPTMOS) precursor.
Ultimately, a sol-gel coating bonded to the copper tubing was obtained. They reported that the
sol-gel coating was 150 μm thick, and the pore sizes were ~ 14.02 nm on average. This newly
developed technique was applied to the extraction of various compounds from water samples and
less than 0.5 μg/L of detection limits were achieved with RSD values below 8.3%.
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1.2.1.1.2.2

Sol-gel sorbents in hollow fiber SPME

hollow fiber (HF) membrane is used to contain the extraction media. In Es’haghi’s work
[153], nanocomposite materials were prepared with sol-gel technique in a HF. In this case, the
three-dimensional sol-gel network was formed in the HF. Combining the unique extraction
properties of multiwalled carbon nanotubes (MWCNT) (large number of active adsorbtion sites,
effective binding with the analytes etc.) with the advantageous properties of HFs such as
convenience, easy disposability and high reproducibility. Trace amounts of BTEX compounds
were extracted with HF fibers from hair and wastewater samples and less than 1.0 ng/L detection
limits were achieved [154]. In another study, Es’haghi developed MWCNT [155] contained in
HF supported extraction systems. In this case, such sol-gel fibers were coupled with differential
pulse anodic stripping voltammetry (DPASV) to determine lead, cadmium and copper in rice
samples. Such fibers and the technique provided LODs of 0.05–500, 0.05–500 and 0.01–100
ng/mL respectively with RSD values less than 5%.
Ebrahimi et al. [156] incorporated Ils with the sol-gel sorbents and used them with
HF-SPME to extract various pesticides from human hair. They also investigated the effects of
different nanoparticles such as carboxylic-functionalized MWCNTs, amino functionalized
MWCNT, as well as silica and titania nanoparticles on extraction performance. They obtained
LODs values between 0.004 and 0.095 ng/L for such analytes.

1.2.1.1.2.3

Sol-gel coatings in needle trap SPME

Needle trap SPME is considered a microextraction method however it is an exhaustive
technique. In this technique, the sorbent is located in a needle and it practically eliminates the
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possibility of losing the analyte in the extraction process. Various sol-gel sorbents were
developed for needle trap-SPME [157, 158].
Bagheri et al. [159] designed a sol-gel sorbent which contained carbon nanotubes (CNT)
and compared microextraction performance of such sorbent with commercial sorbents. It is
already known that CNTs provide large surface area to the sorbents and in this case
incorporating CNTs in a silica sol-gel network resulted in a unique sorbent which was used for
effective extraction of PAHs.To increase the extraction efficiency and to reduce the use of
organic solvent amount used, stainless steel wire was inserted in capillaries and this new method
was found to increase extraction efficiency. Furthermore, such developed extraction systems
became the forerunner of another technique which was called fiber-in-tube (FIT). In this
technique, (FIT-SPE) several hundred fine filaments of fibers are packed in a polyether ether
ketone (PEEK) or polytetrafluoroethylene (PTFE) tubing. Such systems were successfully
applied in the extraction of various chemical compounds [160]. Sidelnikov et al. [161] reported a
method to prepare multi-capillary columns for gas-solid chromatography. Guan et al. [162] also
reported a multi-capillary extraction system containing sol-gel based sorbents with MIPs. In their
extraction device, they packed a number or glass capillaries in a 4.0 mm diameter GC liner. They
reported that in such system, the surface area of the sorbent coating was dramatically higher than
a single coated capillary. Additionally, the capillaries inside of the liner were coated internally
and externally with a coating of 2- to 5 μm sol-gel sorbent.
1.2.1.1.2.4

Sol-gel monolithic beds

Monolithic sol-gel materials [163] were also developed for SPME [25, 164-167]. Similar
to coatings, the chemical bonding of the sorbent led to enhanced chemical and thermal stability.
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The usage of sol-gel technology in the preparation of the monolithic beds brought a number of
advantages with it: the preparation of the monolithic beds was accomplished in a single step
drastically reducing the preparation time. Additionally, considering porosity is vital in such
sorbents, the use of porogens in sol solution makes it easy to adjust porosity of these sorbents.
Eventually, porous nature provides high surface area and correspondingly a high sample
capacity. It is also known that amount of extraction phase plays a direct role in the extraction
performance because larger amount of sorbent translates into higher sample capacity. Since
monolithic capillaries contain greater amount of sorbent than sol-gel coatings, monolithic
capillaries provide higher extraction sensitivity.
Malik et al. prepared sol-gel monoliths [168] by using octadecylsilane as a sol-gel
precursor; fluorene and hexadecanol were used as test analytes which were extracted from
aqueous media. They prepared sol-gel coating and a monolith under same conditions and
compared their microextraction performance. They reported that sol-gel monolithic sorbent
provided at least 100 times greater extraction than analogous sol-gel coating when used in CME
due to the higher sorbent loading and surface area in the monolithic structure. The SEM image of
the monolithic bed in fused silica capillary prepared by Malik et al. can be seen in the Figure
1.12 below.
Zheng et al. developed a sol-gel octyl-functionalized monolith for in-tube SPME [169] to
use in hyphenation of µHPLC. Such sorbent was synthesized by a two-step preparation
technique which consisting of two major parts: Acid/base catalyzed hydrolysis and condensation
of TEOS and C8-TEOS. When PAHs were extracted from water, 2.4- to 8.1 ng/mL levels of
detection limits were achieved with less than 8.0% RSD values. They reported that the LODs
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obtained by the monolithic sorbent was 299-456 times lower than those obtained with no
preconcentration.

Figure 1.12. An SEM image illustrating the cross-sectional view of a monolith in fused silica
capillary [168]
1.2.1.1.2.5

Sol-gel sorbents for stir-bar sorptive extraction

Stir bar sorptive extraction (SBSE) was developed by Baltussen et al. [66] in 1999. In
this technique, a magnetic rod in a glass jacket is provided with a coating which serves as the
extraction medium. It should be noted that the amount of sorbent (25-125 μl) in the coating is
significantly higher than the sorbent amount used in commercial SPME fibers. SBSE is also a
non-exhaustive equilibrium based extraction technique and it is also commercialized like SPME
fibers. It was reported that SBSE stir bars provide 500-fold increase in enrichment and
correspondingly higher sensitivity when it is compared with 100-μm PDMS based SPME fibers.
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Even though there are numerous advantages of SBSE, it also has some drawbacks. First of all,
the lack of chemical bonds between the stir-bar and the coating results in a reduced stability of
the sorbent against organic solvents and temperatures during analyte desorption in a GC injection
port. In this case, not having adequate a solvent stability causes carry over problems. Similarly,
reduced thermal stability also lead to a carryover problem as well as bleeding problems under
high temperature operations. Additionally, since it is an equilibrium-based extraction technique,
reaching the equilibrium is vital in the process. It should be noted that due to thick coatings
(~100 µm) used in traditional SBSE, reaching extraction equilibrium could be lengthy. However,
the use of sol-gel technology in the preparation of the SBSE sorbents can easily overcome such
drawbacks.
In 2004, Liu et al. [61] developed a sol-gel PDMS-based extraction phase and utilized it
with SBSE. Extraction phase was partially crosslinked within the sol-gel network and eventually
a 30 μm thick sol-gel coating was produced on a stir-bar in a single coating step. Aqueous
samples containing alkanes, PAHs and organophosphorus pesticides were analyzed by using
these homemade stir-bars and GC-FID. Unlike the long equilibration times observed with
traditionally SBSE sorbents, such sol-gel coated SBSE devices reached equilibrium relatively
quickly, (e.g. 15 minutes). Detection limits as low as 0.9 ng/L were achieved.
Yu et al. [170] developed a PDMS/PVA-based SBSE stir bars and used them with large
volume injection-GC-FID detector to analyze orthophenylphenols. Batch-to-batch
reproducibility was 6.0% to 12.6% and the authors also noted that such a coating shows no
deterioration up to 50 times of repeated use. The obtained LODs for the OPPs ranged from 0.01
to 0.08 μg/L. In another publication of the same group [171], the authors also reported the
incorporation of CW to PDMS/PVA-based sol-gel coating for use as an SBSE sorbent. When it
60

was compared to commercial PDMS stir-bar (Twister), newly developed sol-gel coated stir bar
showed ~10 times higher extraction sensitivity.
The use of sol-gel technique in the preparation of SBSE sorbents, provided the extraction
phases with solvent and thermal stability as it was mentioned before. Following the GC
applications of the sol-gel coated stir bars, SBSE media were also developed for HPLC
applications. PDMS and β-CD-based sol-gel coated stir bars were developed by Yu et al. [172]
in 2007 and they reported that such coatings had thickness of 30–150 μm due to different coating
durations. Eventually such newly developed SBSE sorbent was compared with a PDMS/β-CD
SPME fiber in the preconcentration of estrogens in environmental water by using HPLC-UV
with the mentioned sorbents in different formats. LODs in ppb and ppt levels were achieved with
recoveries ranging 84.6 to 124.1% for estrogens.

1.2.1.1.2.6

Sol-gel sorbents in planar SPME (PSPME)

In 2008, Almirall et al. [173] used a sol-gel sorbent based on PDMS with PSPME-IMS
(ion mobility spectrometry) and they reported that such technique was more effective in the
microextraction than the same sorbent with SPME fibers in the detection of volatile explosive
such as nitrotoluenes. They also utilized the same extraction system [174] to sample air and used
it to detect various analytes from these air samples. Such system reached detection limits of low
ng levels for nitrotoluenes. Matarozzi et al. [175] also detected volatile explosives such as TNT
or 2,4-dinitrotoluene by using a sol-gel sorbent contained diethyldiphenylsiloxane. They
obtained a sol-gel coating thickness of 143 micrometer and run-to-run RSD values were less than
7%.
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1.2.1.1.2.7

Sol-gel sorbents in membrane SPME (M-SPME)

Invented by Namiesnik and coworkers, membrane-based SPME method consists of a
membrane as an extraction phase which combines the sampling, preconcentration and extraction
in one single step [176]. Hu et al. in 2011 used to extract Cu, Mn and Ni by using an on-line flow
injection MSPME-ICP-OES method. Their alumina fiber membrane provided LODs of 0.88,
0.61 and 0.38 ng/mL for Cu, Mn and Ni, respectively and run-to-run RSD values ranged from
6.2-7.9%.

1.2.1.1.2.8

Sol-gel sorbents on glass ceramic rod

Chemical bonding of the sol-gel coatings to the fused silica capillary is possible by the
silanol groups on the inner surface of the fused silica capillaries. In this case, considering fused
silica and the glass is practically from the same starting materials, scientists explored the bonding
of the sol-gel coatings to the glass surface. Considering glass surface contain more silanol groups
than the fused silica surface, a more effective bonding was expected when sol-gel coatings were
applied to glass surfaces. De Oliveira et al. [103] created a sol-gel hybrid coating on glass rod
and the thickness of the coating was found out to be 44 μm while same coating yielded 6 μm of
coating thickness with fused silica fiber (See Figure 1.13). It automatically translated into higher
sorbent amount on the glass ceramic rod correspondingly higher sample capacity.
Carasek et al. designed sol-gel coatings on glass rod surface by using polybutylacrylate
[177] and compared the microextraction of such extraction medium to commercially available
polyacrylate (PA) SPME fiber by analyzing phthalate esters and phenols. They concluded that
glass rod with sol-gel coating provided superior microextraction performance over commercially
available SPME fiber.
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Figure 1.13. Sol-gel PDMS coatings on glass-ceramic rod (a) and fused silica substrate (b)
(Reproduced with the permission from [103])
1.2.1.1.2.9

Sol-gel extraction media on metal fibers

One of the drawbacks of the commercial SPME fibers is the needle bending or fiber
breakage [178]. Even though low thermal and chemical stability problem was practically solved
by incorporation of the sol-gel technology, the fiber breakage problem remained unresolved.
Eventually, stainless steel fibers, titanium wires, aluminum wires were used replacing fused
silica fibers. Such approach was a great harmony of the durability of the metal substrate and
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tunability of the sol-gel sorbents with high thermal and chemical stability and easy application of
the SPME technique.
In a study by Azenha et al. [178], a titanium wire was used and coated with PDMS
instead of a fused silica substrate was used (See Figure 1.14). Similar to silanol group enhancing
method for fused silica, NaOH solution and HCl solutions were used and the sol-gel coating
procedure described by Malik et al. [89] was strictly followed. After extracting various analytes
including ketones, aldehydes, phenols and benzenes, it was established that the fiber on titanium
wire had thermal resistance up to 350 °C. Such study was an excellent example of the
combination of the durability of the titanium wire with the stability of sol-gel materials.
Carbon aerogels and wormhole-like mesoporous carbons were utilized in sol-gel coating
on stainless steel substrate. Such sorbents were used with HS-SPME experiments in order to
extract BTEX and phenols. Detection limits observed for BTEX were 0.008–0.047 μg/L and for
phenols 0.15–5.7 μg/L. They also reported that the surface area of the wormhole-like
mesoporous carbon sorbent was much higher than carbon aerogel containing sol-gel sorbent;
however, it was observed that the microextraction performances of carbon aerogel sol-gel
coating was superior to that of the other sol-gel coating. This could be due to the more uniform
pore size in the wormhole-like carbons structures with a mesopore level of 74%.

1.2.1.1.1.1

Sol-gel sorbents in plunger-in-needle

In 2011, Zhang et al. [90] designed an SPME device consisted of a needle with a plunger,
graphene was used in the sol-gel sorbent. Unique planar structure of the graphene provided a
large surface area and enhanced the π–π interactions of the sorbent with the aromatic analytes.
PBDEs from canal water were extracted the newly developed method and analyzed by GC-MS.
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Figure 1.14. Titanium wire coated with sol-gel PDMS (Reproduced with the permission from
[178])
The obtained LODs were between 0.2- and 5.3 ng/L with RSD values 3.2-5.0%. When they
compared their homemade extraction device with commercially available SPME-fibers, they
observed that the selectivity and the microextraction performance of the newly developed
technique was better. Combination of sol-gel technology with inexpensive syringe and creating a
new extraction device was indeed a promising development in SPME.

1.2.1.1.1.2

Sol-gel sorbents for fiber introduction mass spectrometry (FIMS)

In most of the above-mentioned systems, microextraction method was usually coupled to
a separation technique; however, in FIMS, SPME is directly used with MS analysis. Initially,
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sol-gel coated (PDMS/PVA) SPME fibers were used to preconcentrate OCP and OPPs from
herbal infusions and ultimately the method provided low LODs, with good precision and the
fibers provided long lifetime [111].
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Chapter 2: Sol-Gel Germania-based Coatings with Aliphatic, Alicyclic and Aromatic
Ligands for Capillary Microextraction

2.1 Introduction
Since its invention in 1989 by Pawliszyn and coworkers [1] solid phase microextraction
(SPME) [2] has been extensively used to isolate and preconcentrate a wide range of analytes in
types of samples including in clinical [3, 4], environmental [5, 6], drug [7, 8], food [9, 10], flavor
[11] , biological samples [3, 12, 13] etc. SPME has attracted many researchers by being an
environmental- friendly for solvent-free extraction method [14]. This technique was successfully
hyphenated with popular analytical techniques such as gas chromatography (GC) [15-17],
supercritical fluid chromatography (SFC) [18], high-performance liquid chromatography
(HPLC) [19-22], capillary electrophoresis (CE) [4, 23] and inductive coupled plasma-mass
spectroscopy (ICP-MS) [24-26]. The ease to hyphenate SPME with widely used analytical
techniques made it a popular sample preparation tool over last two decades and it gained
popularity due to its ease of use and portability which is important in field analysis. Integration
of sampling, extraction and analyte preconcentration in one single step made SPME an effective
and widely accepted sample preparation technique.
The traditional SPME technique is based on a syringe-like device which holds a fiber
typically with ~ 100 μm in diameter [27]. The fiber is most often made of fused silica with an
end segment (~ 1 cm) coated with a sorbent, which serves as an extraction medium. Although
such SPME devices gained popularity, the disadvantages of such systems are also well-known.
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Most importantly, mechanically unstable end segment of the fiber is vulnerable to damage [14,
28-30]. Since the extraction process is based on the equilibrium between the analyte and the
sample matrix, using a sorbent coating on short end segment (~ 1 cm) of the fiber for analyte
extraction leads low sample capacity and low extraction sensitivity in such systems.
Additionally, traditional SPME methods are difficult to couple with HPLC due to the
requirement of desorption devices [31] typically characterized by complicated configurations.
The sorbent coatings on conventional SPME fibers are not chemically bonded to the fiber which
makes conventionally coated SPME fiber unstable under organo-aqueous solvent exposure,
placing serious limitations to their usage in HPLC systems. Likewise, the lack of chemical
anchorage between coating and fiber causes low thermal stability of the coated fiber posing a
challenge in desorption of higher-boiling analytes in SPME-GC. The use of insufficiently high
desorption temperature may lead to incomplete analyte desorption off the SPME fiber and
consequently carry-over problems.
Sol-gel capillary microextraction (CME) was developed by Malik and coworkers [17] to
address the above mentioned problems associated with fiber SPME. In CME, inner surface of a
capillary is coated with a sorbent. Since the sorbent coating is located on the capillary inner
walls, it is protected by the tubular casing of the capillary and it's not susceptible to mechanical
damages [17]. The direct chemical bonding between the sol-gel sorbent to the capillary provides
the sol-gel sorbent with a thermal stability and solvent resistance in CME [17]. Thus, the analyte
desorption problems both in GC and HPLC may be easily avoided. Solvent-resistant sol-gel
extraction media facilitate effective hyphenation of CME to the HPLC for wide range
applications [14, 32-35].
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The hyphenation of CME with HPLC is significantly easier than the hyphenation of
traditional fiber SPME to HPLC [36]. Additionally, the possibility of using significantly longer
segments of CME capillaries lead to much higher sorbent loading on the extraction device. This
translates into improved detection limits [29, 30].
Advantages of sol-gel approach in SPME and CME led to the development of a wide
range of sol-gel extraction media for CME-GC: Sol-gel poly(dimethoxysilane) (PDMS) [17],
poly(ethlyleneglycol) [37], dendrimer [38], poly(tetrahydrofuran) [39], cyano-PDMS [40], ionic
liquids [41] etc. Sol-gel coatings with a variety ligands were also developed for CME-HPLC:
PDMS [42], cyclodextrin [43-45], methyl [28], poly(dimethyldiphenylsiloxane) (PDMDPS) [46],
as well as silica-based sol-gel methyl, octyl and octadecyl [30] coatings. Besides HPLC and GC,
various CME sorbents were also developed in hyphenation with other analytical techniques
including ICP-MS [47-49]. Recently, different formats of capillary microextraction such as
unbreakable CME approach [50-52], array CME [53, 54] have been developed.
Although most of the reported sorbent coatings are based on silica substrates, sol-gel
coatings were also developed by using non-silica substrates. First report on the application of
titania-based CME systems was reported by Kim et al. [55] and it was followed by Segro et al.
[56]. Additionally, zirconia-based sol-gel sorbents were also reported [57, 58]. In 2007, Fang et
al. [59] made the first report on the development of germania-based CME sorbent and illustrated
its application in hyphenating with GC. Following that, Segro et al.[29, 60] reported CME with
sol-gel germania organic-inorganic hybrid coatings with high pH stability and solvent resistance
and demonstrated its facile on-line hyphenation with HPLC. Since germania is an isostructural
analogue of silica [61], similar extraction properties were expected and it was proven that it is a
great inorganic component for hybrid high-performance sol-gel extraction media [29, 59, 60].
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Extraction process involves the interaction between the organic ligand in the sorbent and
the analyte [17, 62]. These molecular level interactions include hydrophobic interaction, π-π
interaction, electrostatic forces, hydrogen bonding and van der waals forces [63]. Therefore, it is
important to evaluate the effect of the ligand type and its structure on the extraction behavior
since such experimental data is likely to be useful in the design and development of more
advanced extraction media.
In this study, we report on the development of sol-gel extraction media for CME with
five different ligands (octyl-, octadecyl-, phenyl-, phenylethyl- and cyclohexenylethyl) and
explore the extraction behavior of the coatings using no sol-gel active polymer in sol solution.
We have accomplished this by using sol-gel precursors that contained above-mentioned bonded
ligands.

2.2 Experimental

2.2.1 Equipment
Sol-gel CME-HPLC experiments were performed using a MicroTech Scientific (Vista,
CA, USA) Ultra Plus HPLC system paired with a Linear UVIS 200 variable wavelength UV
detector. A reversed-phase Waters Xbridge C18 column (3.5 μm, 4.6 x 50 mm) was used for
HPLC separations. Chrom Perfect version 3.5 for Windows operating system (Justice Laboratory
Software, Denville, NJ, USA) was employed for on-line collection and processing of the
CME-GC and CME-HPLC data. For the CME-GC experiments, a Varian 3800 GC-FID system
(Palo Alto, CA, USA) with a Restek (Bellefonte, PA) Rtx-35 GC column (30 m x 0.25 mm I.D)
was used. A Fisher model G-560 Vortex Genie 2 system (Fisher Scientific, Pittsburgh, PA, USA)
was used to properly mix the sol solution ingredients. For the centrifugation of the sol solutions,
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a Thermo IEC model 3590F Micromax microcentrifuge (Needham Heights, MA, USA) was
utilized. Deionized, nanopure water (~ 18 MΩ) was obtained via a US Filter Maxima nanopure
water system (ELGA, England).

2.2.2 Chemicals and Materials
Fused silica capillary (0.25 mm i.d.) was purchased from Polymicro Technologies
(Phoenix, AZ, USA). Phenyltrimethoxysilane, phenethyltrimethoxysilane, octyltrimethoxysilane,
octadecyltrimethoxysilane, and tetraethoxygermane were purchased from Gelest (Morrisville,
PA, USA). 2-(3-cyclohexenyl)-ethyltrimethoxysilane was purchased from United Chemical
Technologies (Bristol, PA, USA). Trifluoroacetic Acid was purchased from Acros (Morris
Planes, NJ, USA). Flouranthene, phenanthrene, t-butylbenzene, n-decane, t-butylcyclohexanone,
biphenyl, o-terphenyl, m-tolualdehyde, valerophenone, butyrophenone, benzanilide, and
2,5-dichlorophenol were purchased from Aldrich (Milwaukee, WI, USA). Naphthalene was
purchased from Fisher Scientific (Pittsburgh, PA, USA). Diethylphthalate (DEP) was purchased
from Sigma (St. Louis, MO, USA). Anthranilic acid was purchased from Eastman Kodak
(Rochester, NY, USA). Diphenylamine (DPA) was purchased from J.T. Baker (Phillipsburg, NJ,
USA). Methanol and methylene chloride were purchased from Fisher Scientific (Pittsburgh, PA,
USA).

2.2.3 Pretreatment of fused silica capillary
Prior to the coating, the fused silica capillary was pretreated. The capillary was
sequentially rinsed with 7 mL each of methylene chloride, methanol, and deionized water. Both
ends of the capillary were then sealed using an oxy-acetylene torch. The sealed capillary was
placed in a GC oven and heated by programming the temperature from 40 °C to 350 °C, at 5
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°C/min. The capillary was held at 350 °C for 2 h. Following this, the capillary was withdrawn
from the oven and allowed to cool down to room temperature. The ends were then cut open using
a ceramic wafer and the capillary was placed in a GC oven with continuous nitrogen flow (1
mL/min), the oven temperature being programmed from 40 °C to 250 °C, at 5 °C/min. The fused
silica capillary was then held at the final temperature of 250 °C for 2.5 h.

2.2.4 Preparation of sol-gel coated capillaries
All the sol-gel coated capillaries were prepared by following the same procedure. Initially
a clean microcentrifuge vial was obtained, and 2.74 x 10-4 moles of the sol-gel precursor
(2-(3-cyclohexenyl)ethyltrimethoxysilane, octyltrimethoxysilane, octadecyltrimethoxysilane,
phenyltrimethoxysilane or phenylethyltrimethoxysilane) was added. The same number of moles
of the co-precursor, TEOG, was subsequently added to the vial. Following this, the mixture was
vortexed for 1 min. After that, the sol-gel catalyst TFA was added in amounts specific to each
solution to achieve a gelation time in the 1-2 h range. The mixture was further centrifuged for
one minute. It was very important to keep the final volume of the sol-solutions (211 µL) in the
vials equal for all sol-gel coating solutions. The compositions of the prepared sol-gel solutions
are presented in Table 2.1.
The pretreated fused silica capillary segments (50 cm x 0.25 mm i.d.) were coated with
these sol solutions. This was done by filling the capillary with the sol solution under nitrogen
pressure (5 psi) using a homemade filling/purging device [64]. The capillary was capped at one
end using a rubber septum and left to sit at this pressure for 15 min. At the completion of this
time, the septum was removed and the nitrogen pressure (~ 20 psi) was used to purge the
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Table 2.2: Sol-gel ingredients with their mol numbers and the total volume of the sol solutions.
Sol-gel Composition
Sol-gel Condition

Organic Ligand
C8-

C18-

ChE-

Ph-

PhE-

Precursor amount (moles)

2.74 x 10-4

2.73 x 10-4

2.73 x 10-4

2.73 x 10-4

2.74 x 10-4

Catalyst TFA (99%) (µL)

1.03 x 10-3

4.40 x 10-4

1.09 x 10-3

1.28 x 10-3

1.16 x 10-3

TEOG (moles)

2.74 x 10-4

2.74 x 10-4

2.74 x 10-4

2.74 x 10-4

2.74 x 10-4

Total Volume (µL)
Precursor Concentration
(M)

211

211

211

211

211

1.29

1.29

1.29

1.29

1.29

capillary for 45 min. The capillary was then placed in a GC oven to be thermally conditioned
from 40 °C to 300 °C at 2 °C/min under constant nitrogen flow of 1 mL/min. The capillary was
held at 300 °C for 3 h and then allowed to cool back to room temperature. Upon removal from
the GC oven, the capillary was rinsed sequentially with 2 mL each of methylene chloride,
methanol, and deionized water by using the filling/purging system. To complete, the capillary
was conditioned under continuous N2 purge (1 mL/min) a second time in the GC oven by using
temperature programming 40 °C to 300 °C at a rate of 5 °C/min and held at 300 °C for 45 min.
All other sol-gel coated capillaries were prepared under the same conditions. Scanning electron
microscopy (SEM) images were also obtained after preparation of the sol-gel coatings which
could be seen in Figure 2.1.
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Figure 2.15: SEM image of Phenyl- sol-gel coating.
2.3 Results and discussion

2.3.1 Investigation of effect of hydrophobicity of the analyte in the microextraction
process
Sol-gel reactions were carried out in a micro centrifuge tube using TFA as a sol-gel
catalyst. In this process, sol-gel precursors underwent hydrolytic polycondensation reactions
forming a sol, that ultimately turned into a three-dimensional network. In preparing sol-gel
coatings, alkoxysilanes generally are used as precursors along with sol-gel active polymers or
organic ligands, however, in this study no polymer was used. Hydrolysis of the precursor is an
important step in sol-gel formation. In silica-based systems, TFA is typically used as the catalyst.
However, in germania-based sol-gel systems, where the hydrolysis rate is very high TFA served
as a chelating agent to slow down the hydrolysis rate of the precursor [60, 65].
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The performance of the used ligands (C8-, C18-, ChE-, Ph- and PhE-) as extraction
media were investigated in capillary microextraction experiments using analytical probes from
different chemical classes such as polyaromatic hydrocarbons (PAH), ketones, aldehydes,
amines, acids and phenols. In the prepared coatings, the molar ratios of the precursors containing
these ligands were kept identical in order to have a fair comparison of their extraction behavior.
TEOG was used as a co-precursor and the concentration of this component was kept at
the same level in all sol solutions. Similarly, 99% TFA was used as a catalyst and the amount of
it was also kept constant. Since all the precursors underwent the analogous reactions, a general
reaction scheme was prepared and is presented below. (Figure 2.2)
During the in-capillary residence period (~ 30 min) hydrolysis and polycondensation took place
in the sol solution residing within the capillary, ultimately leading to the bonding of a portion of
the created sol-gel material to the silanol groups on the walls of the fused silica capillary. The
unbonded material was then purged out by nitrogen pressure (~ 30 psi) for a period of 45 min.
This allowed the coating to dry with simultaneous disposal of the unreacted ingredients and
reaction byproducts.
Since capillary microextraction is based on the equilibrium of the analyte between the
sample matrix and the extraction medium (the sol-gel coatings in this case), an extraction profile
was constructed to understand the kinetic aspects of CME and to determine the equilibration
time.
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Figure 2.16. Sol-gel reactions in the creation of surface bonded coatings
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During the in-capillary residence period (~ 30 min) hydrolysis and polycondensation took place
in the sol solution residing within the capillary, ultimately leading to the bonding of a portion of
the created sol-gel material to the silanol groups on the walls of the fused silica capillary. The
unbonded material was then purged out by nitrogen pressure (~ 30 psi) for a period of 45 min.
This allowed the coating to dry with simultaneous disposal of the unreacted ingredients and
reaction byproducts.
Since capillary microextraction is based on the equilibrium of the analyte between the
sample matrix and the extraction medium (the sol-gel coatings in this case), an extraction profile
was constructed to understand the kinetic aspects of CME and to determine the equilibration
time. For this, analytes from different chemical classes were used and the ChE- coating was
chosen as the extraction medium. The analytes chosen for this were: naphthalene (representing
non-polar compounds), diphenylamine (representing moderately polar compounds) and
anthranilic acid (representing polar compounds) all with 100 μg/L concentrations. Each analyte
was extracted separately using the following extraction times: 10, 20, 30, 40, 50, 60, 70, and 80
min. For each extraction period, three replicate extractions were performed and the mean value
was used to construct the extraction profile. The obtained peak areas were averaged for each
extraction period and a plot of peak area vs. time was constructed. Equilibrium onset
corresponded to the extraction time after which no further increase in peak area was observed for
a higher extraction period.
As it can be seen in Figure 2.3, naphthalene required approximately 50 min to reach extraction
equilibrium with the cyclohexenylethyl coating. Similarly, anthranilic acid and diphenylamine
required 60 min to reach equilibrium. This became a useful reference point; following these
results, each analyte was extracted for 60 min in order to allow enough time to reach equilibrium.
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Figure 2.17: Extraction profile of ChE coating with Naphthalene, Diphenylamine and
Anthranilic acid. The concentration used for analytes was100 μg/L. CME-HPLC System
Conditions: 90-10 MeOH /Water mobile phase for naphthalene (UV=217 nm), 85-15
MeOH/Water for Diphenylamine (UV=285 nm) and 60-40 MeOH/Water for Anthranilic acid
(UV=200 nm), Waters Xbridge C18 column 3.5 μm 4.6 x 50 mm, flow rate 1 mL/min for all
analytes.
Five identical sol-gel PhE coated capillaries were fabricated to test the
capillary-to-capillary reproducibility. Trans-chalcone (100 μg/L) served as the test analyte for
each coating. It was extracted in triplicates for 60 min. The extracted amount of the analyte was
calculated and the average was found that 185.7 ng for the mentioned five sol-gel PhE coated
capillaries with RSD value of 2.9% which is indicative of excellent reproducibility of the
capillary fabrication procedure using sol-gel technique. It can be safely stated that the sol-gel
coating preparation procedure used in this research is reliable.
Analytes from different chemical classes were extracted using sol-gel coatings with C8-,
C18-, ChE-, Ph- and PhE- ligands. One of the major objectives of this work was to investigate the
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performance of the used organic ligands as sorbents in the capillary microextraction of various
analytes. Each coating was prepared under the same set of conditions, and the mass of the
coating was gravimetrically determined. The chromatographic peak areas were converted into
extracted analyte mass using calibration plots constructed for each analyte. The extracted amount
of the analyte and mass of the coating were used to calculate extracted analyte amount per unit
mass of the coating, specific extraction, a parameter that was further employed in the
performance comparison of the sol-gel coating performance in as seen in Table 2.2.
Table 2.3: SE of the analytes (μg/g) with CME-HPLC.
SE Values (µg/g) (with CME-HPLC)
Analyte Characteristics

Ligands

δ

Log P

Naphthalene

20.20 [66]

Fluoranthene

Names

Octyl Octadecyl

ChE

3.38 [67]

417.5

479.8

609.0

1007.1 1219.5

21.86

5.22 [67]

133.4

161.8

276.0

476.1

582.3

Phenanthrane

20.30 [66]

4.46 [67]

203.3

278.6

381.8

468.6

585.1

Biphenyl

16.98 [67]

3.95 [67]

117.2

150.3

164.2

344.3

390.7

o-Terphenyl

18.99 [68]

4.47 [69]

349.5

463.6

508.8

598.8

623.8

m-Tolualdehyde

19.61

4.47 [69]

70.4

96.3

147.2

117.1

107.1

Valerophenone

16.97

3.28 [70]

96.6

102.6

105.9

165.4

318.0

Butyrophenone

17.62

2.66 [70]

26.2

35.5

53.9

68.0

104.1

Benzanilide

16.52

2.62 [71]

68.2

76.1

104.7

144.5

171.1

Diethylphtalate

20.50

2.47 [72]

26.6

62.9

93.9

72.3

59.1

Anthranilic Acid

23.17

1.21 [73]

13.6

16.3

23.7

51.4

87.3

20.82 [74]

3.40 [75]

49.3

72.5

190.2

201.9

221.7

19.93

2.75 [67]

52.6

26.3

31.2

74.4

145.6

Diphenylamine
2,5-Dichlorophenol
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Ph

PhE

The analytes selected for the CME-HPLC-UV experiments are all aromatic compounds
because of the high UV absorbance ability of the phenyl group. Such an approach to analyte
selection would also allow the comparison of extraction efficiency for phenyl and non-phenyl
containing ligands. PAHs, o-terphenyl and biphenyl contain more than one aromatic ring,
facilitating extraction due to the π-π interaction in addition to hydrophobic interactions between
the analyte and the extraction media. It is therefore logical to expect that for aromatic analytes
PhE and Ph coatings provide superior extraction performances than the C8- and C18- containing
sol-gel coatings. Our experiments have confirmed this assumption; PAHs and other aromatic
hydrocarbons were indeed extracted more efficiently by PhE and Ph coatings even though C8and C18- coatings are also non-polar in nature. Since cyclohexenylethyl ligand has one double
bond in its structure and the extracted amounts of the above-mentioned non-polar analytes per
unit mass of ChE coating (SE) were between SE of aliphatic (C8-, C18-) ligands and aromatic
(Ph-, PhE-) ligands, which can be seen in Figure 2.4. When the peak areas were converted in the
extracted mass of the analyte and when such information was related to the coating thickness, a
trend was observed. For instance, peak heights of naphthalene, the first peak of each
chromatogram in Figure 2.4 increases from C8, C18, ChE, Ph and PhE respectively. Similarly, the
same trend is observed when SE values were determined. Assuming that the smallest peak
belongs to C8- sol-gel coating, SE values in C18 sol-gel coating was higher by 1.3 times, such
value was 2.3 times higher in ChE coating. Ph- sol-gel coating’s SE for napthalene was 3.33
times higher than octyl’s and PhE sol-gel coating had the highest SE comparing the others which
was 3.67. The CME performances of five sol-gel coatings were shown in Figure 2.4. Considering
the mass of the sol-gel coating affects the CME performance, SE values were found and used to
compare the CME performances of sol-gel coatings.
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Figure 2.18: Coatings, a: Octyl, b: Octadecyl, c: ChE d: Ph e: PhE. Analytes: 1. Naphthalene 3
μg/L, 2. Biphenyl 15 μg/L, 3. Phenanthranene 2.5 μg/L 4. Fluoranthene 2.5 μg/L. CME-HPLC
System Conditions: 70-30 ACN /Water, Waters Xbridge C18 column 3.5 μm, 4.6 x 50 mm,
flowrate 1 mL/min, 217 nm UV detection

Table 2.2 presents experimental data illustrating the SE obtained from the sol-gel
coatings together with log P (Octanol-water partition coefficient) and Hildebrand solubility
parameter in the unit of MPa1/2. In this case, Hildebrand solubility parameters of the analytes
were used to compare the polarity of the analytes and octanol-water partition coefficients were
105

used to compare their hydrophobicity of the analytes. Hildebrand solubility parameters of the
PAHs and diethylphtalate (DEP) were found in the literature however the solubility parameter of
the remaining analytes shown in Table 2.2 were calculated by obtaining the enthalpy of
vaporization and molar volumes of such analytes from literature [76, 77] .
Due to the hydrophobic nature of the coatings, the extracted amount for polar and
moderately polar analytes was significantly lower than the non-polar analytes (Table 2.2). In the
extraction of ketones, (valerophenone and butyrophenone), PhE coating still extracted the
highest amount of both analytes, while C8 coating extracted the lowest amount. In this case, it
could be stated that C8 coating has a shorter alkyl chain therefore it results as a more limited
hydrophobic interaction with the analytes than C18- containing sorbents. Additionally lack of
aromatic rings in the sorbents with alkyl chains may be attributed to lower extraction due to lack
of π-π interaction between the analyte and the coating. Although butyrophenone and
valerophenone have very similar chemical structures, the extracted amounts by sol-gel coatings
were not similar and this could be due to the difference between their octanol-water partition
coefficients. The Se value for butyrophenone was only 30% of that for valerophenone.
Experimental data shows that the lowest value for this parameter among all analytes
belonged to anthranilic acid which is the most polar of all used analytes. Hildebrand solubility
parameter was the highest for anthranilic acid and in the meantime, log P value of such analyte
was the lowest which makes it the least hydrophobic among the selected analytes. It is clear that
the highest polarity and the lowest hydrophobicity in this case resulted as the poorest
microextraction performance compared to other analytes in this study. Additionally, it was also
observed that diphenylamine was extracted very efficiently by PhE and Ph coatings.
Hydrophobic interaction between the sol-gel coatings and diphenylamine played an important
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role in the microextraction of such analyte. It should be noted that log P value of the
diphenylamine (Table 2.2) is 3.40, which indicates that such amine possesses higher
hydrophobicity than other moderately polar and polar analytes in the table. The π-π interaction
between this compound’s phenyl groups and the phenyl- groups in PhE and Ph coatings, and in
addition to higher UV response is also responsible for the higher extraction such analyte.
All sol-gel coatings demonstrated low ng/L detection limits for all the classes of analytes
and the obtained detection limits are shown in Table 2.4. It was observed that the LOD values for
nonpolar analytes were significantly lower than the moderately polar and polar analytes. As
shown in Table 2.3, the run-to-run extraction reproducibility was also excellent as is evident
from the low RSD values that ranged from 0.3% to 4.9% for all of the extraction media. For
most of the analytes, the RSD values were less than 3.0%.

2.3.2 Evaluating the CME performance of the sol-gel coatings based on analyte and
ligand structures and their hydrophobcities
The sol-gel coated fused silica capillaries used in CME-HPLC experiments were
also used in CME-GC experiments. The initially prepared 50 cm long sol-gel coated capillary
was cut into two parts; a 40 cm piece which was used in CME-HPLC experiments and a 10 cm
long piece used in CME-GC experiments. As CME-GC conditions in general, Restek Rtx-35 MS
Crossbond 35% diphenyl-65% dimethylpolysiloxane (30 m x 0.25 mm i.d.) column was utilized
as a separation phase. FID temperature was kept at 300 °C and the injector was at 350 °C. All the
microextractions were performed in a 0.25 mm i.d., 10 cm fused silica capillary with sol-gel
coatings, for 60 min.
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Table 2.4: RSD% values for run-to-run extractions were shown. CME-HPLC Conditions: 40 cm ×
0.25 mm i.d. sol–gel C8, C18, Ph, PhE, ChE coated capillaries; extraction time: 60 min. HPLC
conditions—15 cm × 4.6 mm i.d.Waters XBridge C18 column. PAHs, biphenyl and o- terphenyl
was analyzed with 90:10 MeOH-Water, 80:20 MeOH water was used with ketones, 85:15 MeOH
Water was used with diphenylamine, 70:30 was used with benzanilide and diethylphtalate and
60:40 MeOH-Water was used with anthranilic acid.

Run-to-Run RSD % of Extracted Mass of the Analyte (n=3)
Octyl

Octadecyl

ChE

Ph

PhE

Napthalene

1.8

4.0

1.6

1.8

1.9

Fluoranthene

1.7

4.7

3.0

4.6

3.2

Phenanthrane

4.1

4.0

1.3

2.1

0.6

Biphenyl

0.8

1.5

2.3

0.3

2.8

o-Terphenyl

2.8

3.0

3.5

3.1

3.2

m-Tolualdehyde

2.8

3.2

2.6

1.4

1.3

Valerophenone

2.9

1.1

1.1

2.4

3.1

Butyrophenone

0.5

4.5

3.8

1.5

1.1

Benzanilide

1.2

3.9

4.6

4.9

3.2

Diethylphtalate

2.2

4.0

2.3

2.9

4.3

Anthranilic Acid

1.9

2.6

2.7

4.1

2.1

Diphenylamine

0.9

3.6

3.9

2.1

3.0

2,5-dichlorophenol

2.5

3.4

3.2

3.9

1.5
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Table 2.5: LOD values obtained from CME-HPLC, system conditions were same as table 2.3.

Limit of Detection (ng/L)
Octyl

Octadecyl

ChE

Ph

PhE

Napthalene

19.6

36.1

18.9

18.4

16.0

Fluoranthene

18.0

30.0

18.1

9.0

6.5

Phenanthrane

11.2

15.2

11.3

4.1

5.2

Biphenyl

51.5

95.0

54.3

19.3

27.2

o-Terphenyl

16.7

33.1

18.6

6.8

6.6

m-Tolualdehyde

620.1

991.1

589.3

320.1

257.8

Valerophenone

64.6

143.4

80.6

63.1

42.8

Butyrophenone

205.7

331.0

146.6

105.8

66.4

Benzanilide

206.3

387.6

177.4

152.3

165.9

Diethylphtalate

206.3

235.7

84.6

75.0

106.9

Anthranilic Acid

261.1

266.4

167.7

84.3

56.4

Diphenylamine

168.3

439.2

387.2

217.5

99.1

2,5 Dichlorophenol

66.1

97.9

23.9

18.8

20.8

A test mixture consisting of n-decane, t-butylbenzene and t-butylcyclohexanone was
prepared with a concentration of 100 μg/L for each. It should be noted here that the carbon
number in the structures of the analytes is ten. Similarly, C8, ChE and PhE coatings have the
ligands with 8 carbons. Initially, these three coatings were used to extract the mixture and their
extraction performances were compared. It was observed that C8- coating has a higher affinity
toward n-decane. In this case, the n-decane provided the highest SE with these three coatings.
The alicyclic coating, ChE, provided the highest SE for t-butylcyclohexanone and similarly PhE
coating provided the highest SE for t-butylbenzene which is the only aromatic analyte among the
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above-mentioned probes. Table 2.5 presents comparative data on the microextraction
performances of the sol-gel coatings towards such compounds.
Table 2.6: SE values for the analytes n-decane, t-butylbenzene and t-butylcyclohexanone via
CME- GC.

n-Decane
t-butylbenzene
t-butylcyclohexanone

SE Values (μg/g) from CME-GC
Log P Octyl Octadecyl
5.60 [78] 13.78
29.08
4.11 [79] 4.82
12.03
3.10 [80] 3.27
5.94

ChE
9.66
12.61
14.94

Ph
5.09
13.22
7.03

PhE
2.10
16.23
12.70

The structural similarity of the analytes and the sorbent ligands is a highly important
feature that plays a key role in determining the performance of the sol-gel coating in CME. In
Figure 2.5, experimental data show that the alkanes are better extracted with alkyl chain ligands,
alicyclic analytes are extracted more by alicyclic coatings and phenyl-containing coatings
provide higher extraction efficiency for aromatic analytes. Among all three analytes n- decane
has the highest hydrophobicity which played an important role in their microextraction by C8and C18- coatings.
Additionally, the effect of alkyl chain directly to the extraction and also effect of spacer
carbons between the phenyl group and silicon was observed. It was found that the longest alkyl
chain (C18-) has extracted the highest amount of n-decane among all sol-gel coatings due to
higher hydrophobic interaction between the sorbent and the aliphatic hydrocarbon. Ph coating
has shown a similar affinity towards t-butylbenzene as with PhE coating. However, SE of such
analyte was slightly higher with PhE coating than the Ph coating. Since the only difference
between such coatings is the ethyl group in the PhE ligand, it could be stated that such spacer
carbons also play a role in the extraction of the analyte.
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2.3.3 CME performance comparison of germania-based versus silica-based sol-gel
coatings
The microextraction performances of silica- and germania-based sol-gel coatings were
evaluated to elucidate the role of the substrate. Therefore, two Ph sol-gel coatings as described in
experimental section were prepared. The silica-based coating was prepared under the same
conditions as the germania-based one; however, in this sol-gel coating tetraethoxysilane (TEOS)
was used as a co-precursor. The mol numbers of the ingredients in this second coating were kept
identical as in the germania-based coating. A fresh mixture of 50 µg/L of anthracene,
4’-phenylacetophenone and mystryl alcohol was prepared and extracted by using the
above-mentioned coatings (See Figure 2.6).
Considering the Ph- sol-gel coatings here are hydrophobic coatings, the most hydrophobic
analyte in the mixture anthracene have provided the highest peak height and area among all the
analytes in the mixture and a trend was observed between the hydrophobicity of the analyte and
the peak area. The most polar analyte among the test analytes, mystryl alcohol provided the
lowest peak height. The analytes were chosen carefully, in which, each analyte contained 14
carbon atoms in their structures thus results as a fair comparison between the analyte-sorbent
interactions for both coatings.
When SE values were calculated, it was observed that germania-based coating provided
significantly higher values. It was noted that the percent improvement in the extraction
performance of the ketone of the mixture was above 50% as the improvement percentages were
shown in Table 2.6. Overall, the hybrid extraction system had superior microextraction
capability over the silica-based system.
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Figure 2.19: Comparison of CME- GC-FID analysis of 100 μg/L n-decane (1), 100 μg/L
t-butylbenzene (2) and 100 μg/L t-butylcyclohexanone (3) Coatings: PhE (a), Octyl (b), ChE
(c), Octadecyl (d) and Ph (e) coated capillaries, respectively. GC run: 25 ˚C-90 ˚C (rate: 20
˚C/min) 90-200 ˚C (rate: 6 ˚C/min)
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Figure 2.20: CME- GC-FID analysis of 50 μg/L mystryl alcohol (1), 50 μg/L 4’-phenylacetophenone (2) and 50 μg/L anthracene (3)
Coatings: Ph-TEOS (a), Ph-TEOG (b) coated capillaries, respectively. GC run 50 ˚C-190 ˚C (rate: 25 ˚C/min) 190-300 ˚C (rate: 5
˚C/min)
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The reason for the increment in the extraction performance could be the higher carbon loading in
the germania-based sol-gel coating. In this case, higher carbon loading is from higher amounts of
organic ligands. Considering the organic ligands performing the microextraction, presence of
more ligands in the sorbent structure results as higher microextraction performance. It must be
noted that in a recent study, Seyyal et al. observed a similar trend with the sol-gel
germania-based dual ligand sorbents in CME-GC applications [81]. Therefore, utilizing a
germania-based structure instead of a silica-based structure resulted as higher microextraction
efficiency.
Table 2.7. SE values from silica- and germania-based sorbents.

Mystryl Alcohol
4’-Phenlyacetophenone
Anthracene

SE Values from CME-GC
Phenyl Ligand
Log P
Silica Based Germania-Based
6.03 [82]
5.36
7.42
3.40 [83]
12.12
18.45
4.45 [67]
8.53
10.62

Difference (± %)
+ %38.43
+ % 52.23
+ % 24.50

2.4 Conclusion

In this study, five different germania-based sol-gel coatings were prepared and their extraction
performances were evaluated by CME-HPLC-UV and CME-GC-FID techniques. The prepared
coatings had phenyl-, phenylethyl-, cyclohexenylethyl-, octyl- and octadecyl- moieties and no
sol-gel active polymer was used in the sol solution to create the 3-D sol-gel network structure.
For non-polar aromatic analytes, the extraction efficiency of the coatings were PhE, Ph, ChE,
octyl and octadecyl from highest to lowest. It can also be concluded that analytes containing
aromatic rings were extracted more efficiently due to their structural similarity to the phenyl
containing coatings because of the π-π interaction between analytes and sorbent. Additionally it
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was proven that aliphatic hydrocarbons are extracted more efficiently with alkyl chain containing
coatings, like octyl and octadecyl in this study. Another important conclusion is that alicyclic
compounds are extracted more efficiently by the ChE coating. One of the most important
discoveries in this study was that germania-based sorbent has provided much more efficient
capillary microextraction performance than silica-based system. Furthermore, the prepared
coatings have excellent run-to-run and capillary-to-capillary reproducibility in terms of extracted
amount of analyte, remaining less than 5%. The LOD values obtained from the extractions are
also in low ng/L levels. The comparison of the extraction performances of such ligands will be
extremely useful in the development of novel sol-gel extraction media.
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Chapter 3 Sol-gel Capillary Microextraction exploiting Ligand Hydrophobicity.
Perfluorinated and Non-Fluorinated Alkyl Ligands – A comparative Study

3.1 Introduction
Solid-phase microextraction (SPME) is an environmentally benign sample preparation
technique which has been extensively used since its invention by Pawliszyn et al. in 1989 [1].
One of the main reasons for the success of SPME is that it is a green sample preparation
technique that eliminates the need for hazardous, toxic organic solvents commonly used in
traditional extraction techniques [2]. Additionally, the feasibility of facile coupling of SPME
with modern analytical techniques such as HPLC [3, 4], GC [5], MS [6], ICP-MS [7], SFC [8],
CE [9, 10], and CEC [11] has played an important role in the acceptance of SPME as a valuable
analytical tool advantageously integrating sampling sample preparation, analyte enrichment, and
sample introduction leading to enhanced speed in analysis.
Sorbent stability is a significant issue in traditionally coated SPME devices (both in fiber
and capillary formats). The lack of chemical bonds between a traditionally prepared sorbent
coating and the underlying substrate (fiber surface or capillary inner walls) results in reduced
thermal stability of sorbents in SPME-GC [12] and reduced solvent stability in SPME-HPLC
[13]. Such coatings are prone to leaching out during desorptive transfer of the extracted analytes
from microextraction coating to the HPLC column, typically carried out through use of
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organo-aqueous HPLC mobile phases. The reduced sorbent stability ultimately limits the range
of analytes that can be extracted and analyzed by coupling microextraction techniques (SPME or
CME) either to GC or HPLC.
To overcome these drawbacks, sol-gel coatings were developed by Malik and coworkers
for fiber SPME [14] and capillary microextraction (CME) [15], also known as in-tube SPME [3].
In sol-gel CME, a significant advantage is achieved through chemical bonding of the coated
extraction medium to the fused silica capillary inner surface [16]. A surface-bonded sol-gel
coating provides enhanced thermal stability in GC [17, 18] and CME-GC [19, 20] as well as
excellent solvent resistance in CME-HPLC applications [13, 21-25].
A variety of sol-gel SPME coatings have been reported in the literature: They are based
on PDMS [13, 15], dendrimer [26, 27], poly(tetrahydrofuran) [23, 26], cyano-PDMS [20], ionic
liquids [28-31], crown ethers [32, 33], calixarenes [34, 35], cyclodextrins [36, 37],
hydroxyfullerene [38], molecularly imprinted polymers (MIP) [39, 40], poly(ethyleneglycol)
(PEG) [41, 42], polypropyleneoxide (PPO) [43], carbon nanotube [44], graphene [45, 46], etc.
The possibility of using a diverse range of ligands in sol-gel microextraction media
provides the opportunity to fine tune extraction selectivity for various analytes. Hydrophobic
interaction plays an important role in the microextraction process, especially for the extraction of
nonpolar analytes from aqueous media [47]. The importance of effective extraction media for the
enrichment and analysis of a wide range of environmentally important hydrocarbons is especially
relevant to the elucidation of aftermath of marine oil spills (e.g., Deepwater Horizon oil spill [48]
in the Gulf of Mexico). Considering the fact that hydrophobic molecules like PAHs also have
enormous impact on the marine environment after oil spills, sorbents with pronounced
hydrophobicity will be instrumental in providing the analytical tool needed for the extraction of
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such hydrophobic compounds and in enabling scientists to elucidate the effects of such pollutants
in the marine environment.
Over the last few decades fluorinated ligands have attracted considerable interest in
chromatographic separation [49, 50] and sample preparation [51, 52]. Because of their unique
properties such as low polarizability, high hydrophobicity, and operational stability, they have
been utilized as stationary phases in GC [53], capillary electrochromatography (CEC) [54],
supercritical fluid chromatography (SFC) [55], micellar electrokinetic chromatography (MEKC)
[56] and ion chromatography (IC) [57]. In 1997, Curran et al. [58] described a fluorous
extraction medium for solid phase extraction (SPE); subsequently, a number of fluorinated
extraction media were designed for SPE [51, 59, 60] and SPME [52, 61, 62]. Although there
have been multiple examples of fluorinated moieties as chromatographic stationary phases, their
microextraction properties have not been adequately explored. Recently, Seyyal et al. developed
dual-ligand containing sol-gel sorbents by using perfluorododecyl- group as a hydrophobic
moiety with phenethyl group [63]. Sol-gel coatings with perfluorinated ligands have the
potential ability to integrate two important features: (a) superior hydrophobicity over
non-fluorinated ligands and (b) enhanced stability over conventionally coated SPME sorbents.
This should result in superior microextraction efficiencies, therefore, their microextraction
behaviors deserve a thorough investigation.
In this study, we present hydrophobic sol-gel CME coatings with two perfluorinated alkyl
ligands: perfluorooctyl- (PF-C8) and perfluorododecyl- (PF-C12), and their use in CME-GC
analysis. The microextraction performances of these perfluorinated alkyl ligands were compared
with those of analogous sorbents with analogous non-fluorinated octyl- (C8) and dodecyl- (C12)
ligands. Considering the fact that CF2 – group is characterized by a 1.7 times higher
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hydrophobicity compared with CH2 – group [64, 65], a significantly higher microextraction
performance can be expected from sol-gel CME coatings with perfluorinated alkyl ligands in the
extraction of the highly nonpolar analytes including aliphatic hydrocarbons and polycyclic
aromatic hydrocarbons, etc.

3.2 Experimental

3.2.1 Equipment
CME-GC experiments were conducted utilizing a Varian 3800-FID gas chromatograph
(Varian, now part of Agilent), Palo Alto, CA, USA) and an Rtx-35 GC column (30 m x 0.25 mm
I.D.) from Restek (Bellefonte, PA, USA). A Chromaflex AQ column (Kimble Chase, Vineland,
NJ, USA) was used to design a sample dispenser [15]. ChromPerfect software version 3.5 for
Windows operating system (Justice Laboratory Software, Denville, NJ, USA) was used for
on-line collection and processing the CME-GC data. A Fisher G-560 Vortex Genie 2 system
(Fisher Scientific, Pittsburgh, PA, USA) was employed to thoroughly mix the sol solution
ingredients. A Thermo IEC Micromax 3590F microcentrifuge system (Needham Heights, MA,
USA) was used for the centrifugation of the sol solutions. Deionized water (~ 18 MΩ) was
obtained from a US Filter Maxima nanopure water system (ELGA, England). A Hitachi-SU70
(Hitachi, Tokyo, Japan) electron microscope (SEM) was used for SEM images of the sol-gel
coated capillaries.

3.2.2 Chemicals and Materials
Fused silica capillary (0.25 mm I.D.) was purchased from Polymicro Technologies
(Phoenix, AZ, USA). Tetramethoxysilane (TMOS), octyltrimethoxysilane (C8-TMS),
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dodecyltriethoxysilane (C12-TES) and 1H, 1H, 2H, 2H-perfluorooctyltrimethoxysilane
(PF-C8TMS) were obtained from Gelest (Morrisville, PA, USA), while 1H, 1H, 2H, 2Hperfluorododecyltrimethoxysilane (PF-C12TMS) was acquired from Synquest (Alachua, FL,
USA). Trifluoroacetic acid (TFA), n-octane, n-nonane and n-decane were purchased from Acros
(Morris Planes, NJ, USA). n-Butyrophenone and n-decanophenone were purchased from Aldrich
(Milwaukee, WI, USA). Acetone and n-decanal were procured from Sigma (St. Louis, MO,
USA). Microcentrifuge vials, naphthalene, methanol and methylene chloride were purchased
from Fisher Scientific (Pittsburgh, PA, USA) and 2-naphthylamine was obtained from Matheson
(East Rutherford, NJ, USA).

3.2.3 Pretreatment of fused silica capillary
Prior to coating with the sol solution, the fused silica capillary was pretreated. For this, a
2 m segment of the capillary was rinsed successively with 7 mL each of methylene chloride,
methanol, and deionized water. Both ends of the capillary were then sealed using an
oxy-acetylene torch. Following this, the capillary was placed in a GC oven and heated from 40
°C to 350 °C @ 5 °C/min, and was held at 350 °C for 2 h. The capillary was then taken out of the
oven and allowed to cool down to room temperature. The ends of the capillary were cut open
using a ceramic wafer and it was placed back in the GC oven with one end connected to the
injection port. The oven temperature was programmed from 40 °C to 250 °C, at 5 °C/min while
continuously purging the capillary with a nitrogen flow (1 mL/min). The capillary was held at
the final temperature for 2.5 h before being cooled down to room temperature.
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3.2.4 Preparation of sol-gel coated capillaries
All the sol-gel coated CME capillaries were prepared by following a standard procedure.
The precursor was selected from the following: Octyltrimethoxysilane, dodecyltriethoxysilane,
1H, 1H, 2H, 2H-perfluorooctyltrimethoxysilane and 1H, 1H, 2H,
2H-perfluorododecyltriethoxysilane and a 1.54 x10-4 mole amount of the sol-gel precursor was
taken in a clean and dry polypropylene microcentrifuge vial.
A 4.09 x 10-4 mole amount of TMOS was then added to the vial after the prercursor and
vortexed for 1 min. TFA (containing 2% water, v/v) was added in amounts specific for each
coating solution (Table 3.1) and vortexed for 1 min. Following this, methylene chloride was
added in appropriate amounts (Table 3.1) and the mixture was vortexed for a min then
centrifuged for 1 min. The final volume was kept constant (194 µL) for all the prepared sol
solutions. The compositions of the used sol-gel solutions are shown in Table 3.1.
Table 3.1 Compositions of the sol solutions used to prepare the sol-gel octyl-, dodecyl-,
perfluorooctyl- and perfluorododecyl- coated capillaries.
Organic Ligand
Precursor amount (moles)

C8
1.5x10-4

C12
1.5 x10-4

PF-C8
1.5 x10-4

PF-C12
1.5 x10-4

Catalyst TFA (98%) (moles)

1.2 x 10-4

9.3 x10-5

1.1 x10-4

9.5 x10-5

TMOS (moles)
Solvent CH2Cl2 (moles)
Total Volume (µL)
Precursor Concentration (M)

4.1 x10-4
6.3x10-5
194
0.7938

4.1 x10-4
9.4 x10-5
194
0.7938

4.1 x10-4
1.1 x10-4
194
0.7938

4.1 x10-4
4.7 x10-5
194
0.7938

Segments of pretreated fused silica capillary (50 cm x 0.25 mm I.D.) were coated with
each of the prepared sol solutions. For this, the capillary was filled with the sol solution under
nitrogen pressure (5-psi) using a homemade filling/ purging system [66]. The capillary exit end
was then securely capped with a rubber septum and left at this pressure for 30 min. The septum
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was then removed and the nitrogen pressure increased to 20-psi in order to expel the liquid
content of the capillary and purge the coated capillary with nitrogen for 45 min to remove
residual solvent from the coating. The capillary was then placed in a GC oven for thermal
conditioning by raising the temperature from 40 °C to 300 °C at 2 °C/min, simultaneously
purging the capillary with nitrogen at 1 mL/min. The capillary stayed at 300 °C for 3 h before
being cooled back to room temperature.

The capillary was then removed from the GC oven and rinsed successively with
methylene chloride, methanol, and deionized water (2 mL each) using the filling/ purging
system. As a final step, the capillary was thermally conditioned under nitrogen purge (1 mL/min)
a second time in the GC oven by raising the temperature from 40 °C to 300 °C at a rate of 5
°C/min and holding at 300 °C for 45 min.

3.2.5 Determination of specific extraction (SE) values for the prepared CME coatings
To provide an analytical tool for objective comparison of the extraction capabilities of
sol-gel sorbents, we used specific extraction (SE), a new parameter, that was recently
introduced by us [43] and defined as follows:
SE =

Extracted mass of the analyte (µg)
Mass of the sorbent coating (g)

(Eq: 3.1)

SE represents the mass of the extracted analyte per unit mass of the sorbent. The average
peak areas from CME-GC experiments were converted into mass (µg) by using calibration
curves constructed from direct injections. The extracted mass for each analyte corresponding to
equilibrium conditions was divided by the gravimetrically determined mass of the sorbent (g), to
obtain SE as per Eq 3.1.
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3.3 Results and discussion

3.3.1 Preparation and evaluation of the sol-gel coatings in CME
Hydrolytic sol-gel route was followed to prepare the sol-gel coatings. In the first step,
sol-gel precursors and co-precursors were hydrolyzed and hydroxyl groups were formed in the
structure of precursors (Figure 3.1). In the next step, with the help of the sol-gel catalyst (TFA in
this case), hydroxyl group-containing precursors started to form a three-dimensional sol-gel
network on the inner surface of the fused silica capillary (Figure 3.1). In this polycondensation
step, evolving sol-gel network condense with the silanol groups on the inner surface of the
capillary and it formed a surface-bonded sol-gel coating.
In order to have a fair comparison of the microextraction performances of the
prepared sorbents (C8, C12, PF-C8 and PF-C12), the molar concentration of the precursors had to
be constant in the sol solutions to ensure near-identical ligand concentrations in the created
sol-gel coatings. Table 3.1 represents the molarity of each precursor in sol solutions used for
preparing the presented sol-gel coatings. In the prepared sol-gel coatings, type of the used
ligands was the only variable, since a standard protocol was used to prepare the sol-gel coatings
using identical equipment and experimental conditions.
A scanning electron microscopy (SEM) image of the prepared PF-C8 sol-gel coating on
fused silica inner surface is shown in Figure 3.2. This SEM image revealed that the sol-gel
coating on the wall of the fused silica capillary had a thickness of ~ 1.2 µm.
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Figure 3.1: Sol-gel reactions and chemically bonding to the inner surface of the fused silica capillary.

135

Figure 3.2: SEM image of PF-C8 sol-gel coating.

3.3.2 Evaluation of the sol-gel coatings

3.3.2.1 Analyte extraction profile for the prepared sol-gel coated CME capillaries
CME is a non-exhaustive extraction technique that attains maximum analyte extraction
when the analyte sorption-desorption equilibrium between the sol-gel sorbent and the sample
matrix is reached. In order to find the time required to attain this equilibrium, standard solutions
of three analytes (n-nonane, naphthalene, and n-decanophenone) representing three different
chemical classes were extracted by CME using a sol-gel PF-C8 coated capillary. The extracted
analyte masses were determined from calibration plots. The extracted analyte masses and the
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corresponding extraction times were used to construct extraction profiles (Fig. 3.3). The
extraction time corresponding to the onset of the plateau on this plot represents the equilibrium
time. As seen in Figure 3.3, n-nonane, naphthalene and n-decanophenone took very similar times
(<60 min) to reach equilibrium. Thus, in this study, extraction times for all the analytes was kept
at 60 min to ensure that they have reached extraction equilibrium.

Figure 3.3: Extraction profile of three analytes with perfluorooctyl- sol-gel coating.

3.3.2.2 Capillary-to capillary and run-to-run reproducibility of the sol-gel sorbents
The reproducibility of the sol-gel coating fabrication process was evaluated using different
batches of sol-gel CME coatings with PF-C8 ligand. Five CME capillaries were prepared under
the same conditions and used for extraction of naphthalene. The capillary-to-capillary
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reproducibility was evaluated by the CME-GC peak area RSD value for naphthalene which was
found to be ~ 2.8%. This low RSD value is indicative of high level of fabrication reproducibility
provided by the used sol-gel coating method.
The run-to-run reproducibility of the presented sol-gel CME capillaries was evaluated by
conducting replicate CME-GC experiments of the same analytical probes. The peak areas,
obtained from five replicates of CME-GC measurements using each of the prepared sol-gel
coatings, produced RSD values in the range from 1.7% to 3.6% revealing excellent extraction
reproducibility in CME using sol-gel coatings (Table 3.2).

3.3.2.3 Detection limits
Low ng/L level LODs were achieved for aliphatic hydrocarbons, ketones, aldehydes,
PAHs and amines in CME-GC-FID using sol-gel coatings; aliphatic hydrocarbons provided the
lowest LOD values. For all the tested analyte classes, the PF-C12 sol-gel coating provided the
lowest LODs comparing to other sorbents as could be seen in Table 3.2. PF-C8 and PF-C12
containing sorbents provided LODs of between 4.2- to 13.4 ng/L for aliphatic hydrocarbons used
as test probes, whereas analogous sol-gel coatings with non-fluorinated C8- and C12- ligands
provided significantly higher LODs remaining mostly between 15.6- to 27.9 ng/L.

3.3.2.4 CME performance comparison of the perfluorinated and non-fluorinated sol-gel
coatings
In literature, it is frequently seen that the peak area is utilized as a tool to compare
microextraction efficiency of sorbents in CME [67-69].
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Table 3.2 Run-to-run CME-GC peak area repeatability and detection limit data for the prepared sol-gel coatings with octyl-, dodecyl-,
perfluorooctyl- and perfluorododecyl- ligands. CME-GC Conditions-10 cm × 0.25 mm I.D. Sol–gel C8-, C12, PF-C8 and PF-C12
coated capillaries; extraction time: 60 min with 30 m x 0.25 mm I.D. Restek Rtx-35 MS Crossbond 35% diphenyl-65%
dimethylpolysiloxane. GC run 25 ˚C-300 ˚C (rate: 20 ˚C/min), Nitrogen carrier gas, FID 300 ˚C.
Type of the organic ligand in the sol-gel sorbent

C8
Test Probe

RSD%

C12
LOD
(ng/L)

RSD%

PF-C8
LOD

PF-C12

RSD%

LOD
(ng/L)

RSD%

LOD
(ng/L)

(ng/L)

n-Octane

2.1

27.9

2.4

22.4

2.9

13.4

2.7

7.8

n-Nonane

2.8

23.6

2.5

20.4

2.8

11.1

2.2

5.8

n-Decane

2.6

20.3

2.5

15.6

3.0

8.6

2.5

4.2

Naphthalene

2.6

22.6

2.2

10.4

2.5

5.4

2.8

4.4

n-Butyrophenone

2.1

54.6

2.8

34.2

3.1

24.1

3.6

10.1

n-Decanophenone

1.7

28.9

1.8

23.9

2.8

9.4

3.1

6.7

n-Decanal

2.2

54.5

2.9

47.3

2.0

18.1

3.2

16.2

2-Naphthylamine

2.6

3.1

105.5

2.3

64.8

2.4

57.6

132.0
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However, it is known that sorbent thickness plays a major role in determining the sample
capacity of sorbents due to the fact that it determines the surface area of the sorbent, which
directly affects the extracted analyte mass, thus the peak area [70]. The sample capacity of the
sorbents and the extracted analyte mass should be incorporated together in order to provide
reliable comparison between different extraction media. In various studies, coating thickness is
only mentioned with the peak area [71, 72], however a direct comparison parameter was not
utilized in sorbent performance comparisons. In CME, the coatings may not be uniform,
therefore experimentally obtained coating thicknesses may not be accurate. Besides uniformity,
densities of the sorbents may vary because different ingredients could be used in their
compositions which could translate as different coating volumes and consequently different
sorbent masses. Objective comparison of the extraction capabilities of sorbent coatings should be
made even when the thicknesses of the coatings are different such as similar coatings with
different organic ligands. Hence, we used a recently introduced comparison parameter by us
[43], specific extraction (SE), which was defined in Eq. 1 and the procedure was explained in
section 2.5.
Some of the analytes chosen to evaluate the microextraction performances of the
prepared sol-gel coatings were the crude oil components that pose serious environmental hazards
when released to the marine environment during oil spills [73, 74]. Additionally, naphthalene
was among the chosen analytes as a representative of the PAHs family, some members of which
are highly toxic, carcinogenic and mutagenic [48, 75], making efficient microextraction of this
class of chemicals highly important from an environmental point of view. In the CME-GC
experiments, it was observed that the sol-gel coatings with perfluorinated alkyl ligands provided
higher SE for n-octane, n-nonane and n-decane (See Table 3.3) than analogous sol-gel coatings
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with non-fluorinated alkyl ligands of the same length. For such analytes, the SE improvement
from C8- to PF-C8 coatings were in the range of ~ 256% to ~ 291%, and for the C12- and PF-C12
coatings, this improvement was in the range of ~ 284% to ~ 360%. Figure 3.4 shows the
chromatograms obtained from the sol-gel sorbents after extraction of analytes from different
chemical classes such as ketones, aldehydes and aliphatic hydrocarbons; Figure 3.5 represent
chromatograms of mixture of only aliphatic hydrocarbons.

Table 3.3 Specific extraction table of the sol-gel coatings contained octyl-, dodecyl-,
perfluorooctyl- and perfluorododecyl- ligands. Numbers in parentheses indicate the log P of the
ligands.

SE Values from Sol-gel Coatings in CME-GC (µg/g)
Log P

C8 (4.3)

C12 (6.2)

PF-C8 (5.9)

PF-C12 (8.5)

n-Octane

4.8

30.6

44.6

109.0

204.3

n-Nonane

5.3

35.9

61.6

125.2

236.6

n-Decane

5.8

49.1

76.9

192.0

354.4

Naphthalene

3.3

44.3

101.3

254.6

319.1

n-Butyrophenone

2.7

3.8

5.5

19.5

29.1

n-Decanophenone

5.6

5.9

8.1

21.2

41.1

n-Decanal

3.3

2.5

4.1

14.2

20.7

2-Naphthylamine

2.3

1.5

2.5

4.4

4.8

Test Analyte
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Figure 3.4: The chromatograms labeled from (a) to (d) belongs to sol-gel coatings with C8-, C12-, PF-C8 and PF-C12 ligands,
respectively. The analytes were 1- n-Nonane, 2- n-Decane, 3- n-Decanal, 4- Naphthalene, 5- n- Butyrophenone, respectively with 20
μg/L concentration. CME-GC Conditions-10 cm × 0.25 mm I.D. sol–gel coated capillaries; extraction time: 60 min with 30 m x 0.25
mm I.D. Restek Rtx-35 MS Crossbond 35% diphenyl-65% dimethylpolysiloxane. GC run 25 ˚C- 90 ˚C (rate: 20 ˚C/min) 90 ˚C - 250
˚C (rate: 6 ˚C/min), Nitrogen carrier gas, FID 300 ˚C.
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As a measure of hydrophobicity of ligands and the analytes, octanol-water partition
coefficient (log P) is often utilized. Among the two non-fluorinated sol-gel coatings, the one with
the longer aliphatic chain C12- (log P= 6.2 [76]) provided the higher SE values than the sorbents
with shorter non-fluorinated aliphatic chain C8- (log P= 4.3 [76]) coating. Such an extraction
behavior corresponds to hydrophobicity of the ligands. A similar trend was previously observed
in CME-HPLC using sol-gel sorbents with C1-, C8- and C18- alkyl ligands [24]. In the current
study, sol-gel coatings with PF-C12 and PF-C8 ligands provided more efficient microextraction
performances than analogous coatings with non-fluorinated aliphatic ligands (Figure 3.4).
Because of superior hydrophobicity of the CF2- groups over CH2- [64] PF-C8 (log P= 5.9 [76])
and PF-C12 (log P= 8.5 [76]) ligands are more hydrophobic compared to analogous sol-gel
sorbents with corresponding non-fluorinated alkyl ligands therefore sol-gel sorbents with
perfluorinated alkyl ligands provided significantly higher microextraction efficiencies; for the
used analytes; the average improvement was ~ 326% (for PF-C8 over C8) and ~ 319% (for
PF-C12 over C12).
In the microextraction of less hydrophobic analytes such as n- butyrophenone (log P= 2.7
[77]), n-decanophenone (log P= 5.6 [77]) and n- decanal (log P= 3.3 [77]), a trend in SE similar
to the one for hydrocarbons was observed. However, SE values for such analytes were lower
than those for hydrocarbons. Among the analytes studied, 2-naphthylamine provided the lowest
SE value (Table 3.3). This data clearly shows that for aqueous samples hydrophobicity of the
analyte plays a major role in the CME efficiency using coatings with hydrophobic ligands.
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Figure 3.5: The chromatograms labeled (a) and (b) belong to sol-gel coatings with C12 and
PF-C12 ligands, respectively. The analytes were 1- n-Nonane, 2- n-Decane, 3- n-Undecane, 4n-Dodecane, and 5- n-Tridecane, respectively with 20 μg/L concentration. CME-GC conditions
were same as in Fig. 3.4.
Direct effect of the chemical structure as well as hydrophobicity (log P) of the analytes
on microextraction performance of the prepared sol-gel coatings was investigated by using the
CME-GC. 2-naphthylamine (log P= 2.3 [77]), n- decanal (log P= 3.3 [77]), naphthalene (log P=
3.3 [77]), n-decanophenone (log P= 5.6 [77]), and n- decane (log P= 5.8 [77]) have
compositional similarities such as, alkyl chains in decane, decanal and in n-decanophenone or
aromatic rings in 2-naphthylamine and naphthalene.
For the PF-C12 coating, the SE values for 2-naphthylamine (log P= 2.3), n- decanal (log
P= 3.3) and n-decanophenone (log P= 5.6) were 4.8-, 20.7- and 29.1- µg/g, respectively. These
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analytes possess a hydrophobic alkyl moiety or naphthyl group providing extraction through
hydrophobic interaction.
It was noticed that decrease in the log P of the analytes (n-decanophenone log P=5.6 [77]
and n-decanal log P = 3.3 [77], 2-naphthylamine log P=2.3 [77]), led to a decrease in their SE
values obtained on the sol-gel sorbent with PF-C12 ligand. In general, n-decane and naphthalene
provided much higher SE values (354.4- and 319.1 µg/g) than the above-mentioned analytes.
These latter solute molecules (i.e., n-decane) lack a polar functional group; therefore, their
microextraction due to strong hydrophobic interactions was not hindered by water-analyte polar
functional group interactions. Overall, perfluorinated sorbents provided significantly better
microextraction performances than the non-fluorinated sol-gel coatings for both hydrophobic and
moderately hydrophobic analytes.

3.3.3 CME performance of the hydrophobic sol-gel sorbents for saline water samples
To further demonstrate the extraction capabilities of the sol-gel coatings, various crude
oil components were extracted from a simulated sea water sample. For this, n-octane was chosen
to represent the aliphatic hydrocarbons; butylcyclohexane was selected to represent the
naphthenes; and naphthalene was chosen to represent PAH in the crude oil and the water salinity
was kept at a typical value of 599 mM [78] in the oil spill simulation samples. PF-C12 containing
sol-gel coating was selected for such experiments. This coating was used to perform separate
extractions from fresh water and saline water.
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Figure 3.6: The chromatograms labeled (a) and (b) belong to sol-gel coating PF-C12.
Chromatogram (b) was collected by using 599 mM salt water in the solution. The analytes were
1- n- Octane (20 μg/L), 2- Butylcyclohexane (30 μg/L), 3- Naphthalene (25 μg/L), respectively.
CME-GC Conditions-10 cm × 0.25 mm I.D. Sol–gel PF-C12 coated capillaries; extraction time:
60 min with 30 m x 0.25 mm I.D. Restek Rtx-35 MS Crossbond 35% diphenyl-65%
dimethylpolysiloxane. GC run 25 ˚C- 90 ˚C (rate: 15 ˚C/min) 90 ˚C -280 ˚C (rate: 7 ˚C/min),
Nitrogen carrier gas, FID 300 ˚C.
The effect of saline water on the extraction performance was investigated and the
improvement in the microextraction efficiency after salting out is evident in Figure 3.6.
Experimental data on SE values (Table 3.3) show that the PF-C12 containing sol-gel coating
extracted the above-mentioned analytes more effectively from simulated saline sea water sample
than from samples prepared in deionized water. CME experiments with octane as the test analyte
provided ~ 11.2% higher microextraction efficiency when extracted from the saline water over
extraction efficiency obtained for analogous samples but prepared in non-saline water matrices.
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Similarly, a ~ 13.4% increase in microextraction efficiency was observed for butylcyclohexane.
Naphthalene provided the highest increase, which was 14.1%. The improvement in the extraction
efficiency could be explained by the salting-out effect caused by a decrease in the solubility of
the analytes in the solution after the addition of the sodium chloride, ultimately leading to higher
analyte sorption by the CME coating [79]. Run-to-run RSD values (n=5) for CME were also
calculated by using the obtained peak areas of butylcyclohexane from these experiments with
saline and non-saline matrices. It was noticed that run-to-run RSD of such analyte with
non-saline water was 4.1% and with saline water it was 3.9% under the same experimental
conditions. Such results could mean that the saline matrix did not cause any deterioration in the
extraction performance of utilized sol-gel sorbent.

3.4 Conclusion
In all microextractions performed, there was a significant microextraction performance
difference between perfluorinated sol-gel coatings and non-fluorinated sol-gel coatings. Due to
the higher hydrophobicity of perfluorinated ligands, sol-gel coatings with such ligands provided
more efficient microextraction performances toward environmentally important analytes such as
aliphatic hydrocarbons as well as PAHs, ketones, aldehydes and amines than the sol-gel coatings
with non-fluorinated ligands. In all aliphatic hydrocarbon extraction comparisons, increase in the
hydrophobicity of the analyte lead an increase in microextraction efficiencies with all sol-gel
coatings. Additionally, hydrophobic interaction between the aliphatic chains in the analytes and
the hydrophobic chains in the sol-gel coatings played an important role in the extraction of
moderately polar analytes. All the sol-gel coatings provided low levels of detection limits (ng/L)
with good run-to-run peak area and capillary-to-capillary RSD values. Additionally, in the
presence of saline water matrix, the CME performance of the perfluorinated sol-gel coating
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remain stable, and excellent run-to-run RSD was obtained. This study clearly demonstrated
effective use of high hydrophobic properties of perfluorinated ligands in capillary
microextraction. In future, sorbents with perfluorinated ligands could find wide applications in
microextraction, especially of nonpolar compounds.
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Chapter 4 Silica- and germania-based dual-ligand sol-gel organic-inorganic hybrid
sorbents combining superhydrophobicity and π-π interaction. The role of inorganic
substrate in sol-gel capillary microextraction.

Note to the readers: This chapter was published in Analytica Chimica Acta in 2017 964, (2017),
96-111 and used in this dissertation with the permission of Elsevier (See appendix)

4.1 Introduction
Solid-phase microextraction (SPME) is a solvent-free, environmentally benign sample
preparation technique [1]. Compared with traditional extraction techniques, SPME provides a
number of advantages including complete elimination of organic solvents as extraction media,
simplicity in operation, versatility, cost effectiveness, possibility of in vitro as well as in vivo
sampling [2], etc. The ease in coupling of SPME devices to modern analytical techniques such as
HPLC [3-5], GC [6], MS [7], ICP-MS [8], SFC [9], CE [10] and CEC [11] have greatly helped
SPME in gaining increased popularity. Development of new sorbent coatings [12-17] have also
significantly contributed to this progress.
Traditional fiber-SPME employs a syringe-like device in which the plunger is connected
to a small-diameter fiber with a sorbent coating [3] on a small segment (~ 1 cm) at its distal end.
In the extraction process, a sorption-desorption equilibrium of the analytes is established
between the sorbent coating on the fiber and the sample matrix. Once this extraction equilibrium
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has been reached, the extracted analytes are transferred to the analytical instrument, typically
through desorption (e.g., thermal desorption in the injector of a GC system) [18]. However,
transferring the extracted analytes from the coated fiber to liquid-phase separation systems (e.g.,
HPLC, CE, etc.) may require complicated sample transfer interfaces [19].
Even though fiber-SPME has gained great popularity, its operation using conventionally
created coatings still faces some inherent limitations [20-24] mainly due to the lack of chemical
bonds between the coated extraction medium and the fiber surface. As a result, conventionally
prepared SPME coatings are not able to provide high thermal- and solvent stabilities, which in
turn puts limitations on full exploitations of their analytical potential when used in hyphenation
with GC [18] or HPLC [25]. In order to overcome the above-mentioned drawbacks of traditional
SPME coatings, Malik and co-workers developed sol-gel coatings for fiber SPME [18] as well as
for capillary microextraction (CME) [26] (also known as in-tube SPME [4]). In sol-gel SPME
(both in fiber and capillary formats), the surface of the fused silica substrate (fiber or capillary)
are coated with sol-gel extraction media. The silanol groups on the fused silica surface get
chemically bonded to the sol-gel coating via condensation reaction during evolution of the
coating from sol solution. Such chemically anchored sol-gel sorbents are characterized by
enhanced thermal stability that opens new possibilities to widen the analytical scope of CME-GC
by allowing effective desorption of higher-boiling analytes extracted by the coating [4, 27, 28].
Sol-gel SPME fibers with thermal stability up to 400 °C [29] have been reported. By
comparison, conventionally prepared SPME fibers are characterized an upper temperature limit
of ≤ 340 °C [30]. Similarly, chemical anchorage provides the sol-gel coatings with excellent
solvent stability in CME-HPLC applications [20-22, 25, 31].
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Exceptional thermal and solvent stabilities offered by sol-gel materials led to the
development of a compositionally diverse array of sol-gel coatings both for fiber SPME and
CME providing enhanced selectivity and thermal stability in microextraction coupled to GC.
These included silica-based sol-gel microextraction media with organic ligands such as
dendrimer [28, 32], poly(dimethysiloxane) (PDMS) [26], poly(dimethyldiphenylsiloxane)
(PDMDPS) [33], cyano-PDMS [34], ionic liquids [35-37], crown ethers [38, 39], calixarenes
[40], molecularly imprinted polymers (MIP) [41-44] carbon nanotubes and graphenes [45-47].
Non-silica sol-gel microextraction sorbents in the form of titania- [48], zirconia- [49], and
germania- [33] based coatings were also developed for use in conjunction with GC. Additionally,
non-silica based sol-gel sorbents (e.g., titania- [50], zirconia- [51], alumina- [52] and
germania-based sol-gel coatings [22, 25, 33] ) were developed for CME-HPLC and CME-GC
providing sorbents with exceptional pH stability [25, 33] as well as solvent stability [22].
The composition and structure of the organic ligand play important roles in the
microextraction process since microextraction is based on molecular level analyte–sorbent
interactions that are dependent on structural and compositional aspects of these interacting
partners. Thus, nonpolar hydrophobic analytes can be effectively extracted via hydrophobic
interaction with a nonpolar ligand on the sorbent. Similarly, enhanced extraction selectivity
toward aromatic analytes can be achieved through π-π interaction with aromatic groupcontaining ligands on microextraction sorbents [24, 53, 54].
Perfluorinated aliphatic chains possess exceptionally high hydrophobicity
(superhydrophobicity) compared with their non-fluorinated counterparts (CF2- to CH2hydrophobicity ratio is 1.7 [55, 56]). Apart from microextraction, the ultrahigh hydrophobicity
inherent in perfluoroalkyl groups has been advantageously used to create superhydrophobic
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materials [57]. Sol-gel sorbents that simultaneously contain two ligands- one representing a
highly hydrophobic perfluorinated aliphatic chain and the other containing a phenyl group (with
the ability to provide π-π interaction) can be expected to provide enhanced extraction capability
for both aliphatic and aromatic hydrocarbons as their nonpolar derivatives.
In this study, we report the synthesis of silica- and germania-based dual-ligand sol-gel
coatings designed to provide a combination of enhanced hydrophobic- and π-π interactions, and
present a systematic evaluation of their analytical performances in CME. To our knowledge, it is
the first study reporting the usage of dual-ligand containing silica- and germania-based sol-gel
sorbents in CME-GC. Microextraction performances of the sol-gel sorbents with varying ligand
concentration were investigated using aliphatic hydrocarbons, aromatic hydrocarbons and
alkylbenzenes (containing both aliphatic and aromatic parts in their molecules) as test probes.
Additionally, we explore the effects of the inorganic component (silica and germania) of these
sorbents on microextraction behavior.

4.2 Experimental

4.2.1 Equipment
CME-GC experiments were conducted on a Varian 3800 GC-FID system (Varian
(merged with Agilent), Palo Alto, CA, USA) utilizing a Restek Rtx-35 GC column (Bellefonte,
PA, USA). ChromPerfect software version 3.5 for windows operating system (Justice
Laboratory, Denville, NJ, USA) was used for online CME-GC data collection and processing. A
Vortex-Genie 2 model vortex system (Fisher Scientific, Pittsburgh, PA, USA) was used to mix
the ingredients in sol solutions. Fourier Transform-Infrared (FTIR) spectra were obtained on a
UATR Spectrum 2 spectrometer (Perkin Elmer, Waltham, Massachusetts, USA).
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Thermogravimetric analysis (TGA) was performed by using a Q50 thermogravimetric analyzer
(TA Instruments, New Castle, DE, USA). Scanning Electron Microscopy (SEM) images were
obtained from a Hitachi SU70 (Tokyo, Japan) and Energy Dispersive X-ray Spectroscopy (EDS)
data were obtained from a Hitachi- S-800 instrument. A Thermo IEC Micromax 3590F
microcentrifuge (Thermo, Needham Heights, MA, USA) was employed to remove particulates
(if any) from sol solutions. Nanopure water (18 MΩ) was obtained from a US Filter Maxima
(Elga, England) nanopure water system.

4.2.2 Chemicals and materials
Fused silica capillary (0.25 mm I.D.) was purchased from Polymicro Technologies
(Phoenix, AZ, USA). Tetramethoxysilane (TMOS, 99%), tetraethoxygermane (TEOG, 99%),
and phenethyltrimethoxysilane (PhE-TMOS, 95%) were obtained from Gelest (Morrisville, PA,
USA). The sol-gel precursor with a bonded perfluorinated alkyl ligand, 1H, 1H, 2H,
2H-perfluorododecyltrimethoxysilane (PF-C12-TMOS, 98%), was purchased from Synquest
(Alachua, FL, USA). Trifluoroacetic acid (TFA), octane, nonane, decane, undecane, dodecane,
tridecane and naphthalene (purity > 99%) were purchased from Acros (Morris Planes, NJ, USA).
Acetone, butylbenzene and butylcyclohexane (purity > 99%) and propylbenzene (purity > 98%),
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Methanol, methylene chloride and
sodium chloride (purity > 99%), kimwipes, microcentrifuge tubes, scintillation vials and pipette
tips were purchased from Fisher Scientific (Pittsburgh, PA, USA).

4.2.3 Preparation of sol-gel coated capillaries

4.2.3.1 Preparation of sol solutions
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All sol solutions used in this study were prepared in centrifuge vials under identical
conditions following the same procedure. The sol solution ingredients are listed in Table 4.1. In
each preparation, the two sol-gel precursors were first added to a clean vial and vortexed for 60
seconds. The co-precursor was then added and the mixture was vortexed again for 60 seconds.
Finally, TFA (containing 2% water, v/v) was added to each vial and the solutions were vortexed
one last time for 60 seconds. Each solution was further centrifuged at 14000 rpm and was
visually checked if there was any precipitate. The top clear solution was carefully pipetted out to
a new clean vial.

4.2.3.2 Coating fused silica capillaries
Prior to coating, fused silica capillaries were subjected to hydrothermal pretreatment [58]
to enhance the silanol concentration as well as to improve uniformity of their distribution on the
capillary inner surface. Such a procedure was described by our group elsewhere [58]. A 1 m
segment of hydrothermally pretreated fused silica capillary was installed on a homemade
filling/purging system [59] with one of its ends submerged in the sol solution contained in a vial
vertically placed on the floor of the air-tight filling/purging device. The capillary was filled with
the sol solution by applying 5 psi nitrogen pressure to the sol solution. After a few drops of the
sol solution dripped out of the fused silica capillary exit end, the flow was stopped by plugging
the capillary exit end with a rubber septum. The pressure was kept constant at 5 psi and the
system stayed under these conditions for 60 min. After this, the capillary end was unplugged, the
vial was removed, and the purging system was sealed air-tight again using the chamber bottom
cap. The nitrogen pressure was then increased to 20 psi to purge the coated capillary with
nitrogen flow for 90 min.
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The capillary was then removed from the filling/purging device and placed in a GC oven
to thermally condition under constant nitrogen purge (1 mL/min) by programming the oven
temperature from 40 °C to 320 °C at 2 °C/min and holding the temperature at 320 °C for 3 hours.
The coated capillary was then sequentially rinsed with 2 mL each of methylene chloride,
methanol and water. Following this, the coated capillary was placed in the GC oven again and
conditioned under nitrogen purge at 1 mL/min with the temperature programmed from 40 °C to
250 °C at a rate of 4 °C/min. This time the capillary was held at 250 °C for 45 min. The
described procedure was strictly followed to prepare all the sol-gel coated fused silica capillaries
used in this work.
A total of six sol-gel coated capillaries (four with dual-ligand- and two with single-ligand
coatings) were prepared and evaluated in CME-GC. In two of the sol solutions used to prepare
dual-ligand sorbents, the ligands were in equimolar ratio, (PF-C12/PhE=1:1); one of them was
silica-based, and the other one was germania-based. To investigate the effect of the organic
ligand concentration in the sol solution (and hence in the sol-gel sorbent) on the sorbent
performance, two silica-based coatings were prepared by using sol solutions containing 1:2 and
2:1 molar ratios of precursors (PF-C12/PhE=1:2 and PF-C12/PhE=2:1). Finally, to compare the
performances of dual-ligand sol-gel sorbents with performances of their single-ligand
counterparts, we also prepared two other silica-based sorbents each of which contained only one
ligand, PF-C12 or PhE. For this, appropriate mole amounts of the precursors were used in sol
solutions to closely match the overall molar concentration of the ligand(s) in sol solutions used to
prepare these two types of sol-gel coatings (single-ligand and double-ligand).
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Table 4.1: The sol-gel ingredients with their mole numbers and precursor molar ratios were shown. PF-C12/PhE=1:1 means the
organic ligands containing precursors had equimolar concentration in that particular sol solution, TMOS and TEOG indicate the
precursors and similarly 2:1 and 1:2 refer to the molar concentration ratios of organic ligands.
Ratio of the two ligands and nature of the inorganic substrate of the created sol-gel sorbents
PF-C12/PhE
Sol solution ingredients

PF-C12/PhE

PF-C12/PhE

PF-C12/PhE

PF-C12

PhE

(1:1)

(1:1)

(1:2)

(2:1)

SiO2

GeO2

SiO2

SiO2

SiO2

SiO2

PF-C12 Precursor (moles)

1.05 x10-4

1.05 x10-4

0.70 x10-4

1.40 x10-4

2.10 x10-4

-

PhE Precursor (moles)

1.05 x10-4

1.05 x10-4

1.40 x10-4

0.70 x10-4

-

2.10 x10-4

TFA (98%) (moles)

1.65 x10-3

1.27 x10-3

1.49 x10-3

1.72 x10-3

1.27 x10-3

1.94 x10-3

TMOS/TEOG (moles)

4.02 x10-4

4.02 x10-4

4.02 x10-4

4.02 x10-4

4.02 x10-4

4.02 x10-4

Total Volume (µL)

255

255

255

255

255

255

PF-C12 Precursor Concentration (M)

0.41

0.41

0.27

0.55

0.82

-

PhE Precursor Concentration (M)

0.41

0.41

0.55

0.27

-

0.82
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4.2.3.3 Capillary microextraction procedure
CME-GC procedure was described by our group elsewhere [26]. Briefly, an aqueous
sample contained in a homemade gravity-fed dispenser is passed through the sol-gel coated
capillary connected to the bottom of the vertically placed dispenser. In this process, the analytes
are extracted by the sol-gel surface coating as the sample passes through. This process is
continued until an extraction equilibrium is established. To transfer the extracted analytes to the
GC column, the coated CME capillary containing the extracted analytes is connected to the GC
injector so that ~ 8 cm of the capillary remains inside of the GC injection port and ~ 2 cm of the
distal end of the capillary protrudes into the GC oven. This end of the CME capillary is
connected to the GC column using a quartz press-fit connector. The extracted analytes are then
thermally desorbed for 5 min by rapidly raising the injector temperature from 40 °C to 300 °C,
and the mobile phase transports them to the GC column for analysis.

4.2.4 Determination of specific extraction (SE)
To objectively compare the microextraction performance of the prepared sol-gel sorbents,
we used a new parameter, Specific Extraction (SE) [51], defined as follows:
SE =

The extracted mass of the analyte (µg)
Mass of the sol−gel coating (g)

(Eq. 4.1)

SE represents the extracted mass of an analyte per unit mass of the sorbent. The mass of the
sorbent was calculated by subtracting the weight of a clean, dry, uncoated fused silica capillary
(1 m) from the weight of the same piece of capillary after it was coated and thoroughly dried.
The extracted mass of an analyte was obtained by from its mean chromatographic peak area
(obtained from triplicate measurements performed in CME-GC experiments) and a calibration
plot constructed by directly injecting standard solutions of the same analyte with precisely
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known concentrations. The conversion of chromatographic peak areas of the extracted analytes
into extracted mass by using calibration plots was described elsewhere [51].

4.3 Results and discussion
Sol-gel chemistry provides an effective pathway to chemically bind an evolving sol-gel
network to the inner walls of a fused silica capillary through condensation reaction with the
silanol groups residing on the capillary inner surface. However, the silanol group concentration
on fused silica capillary surface is typically low due to high temperatures (~ 2000 °C) used in the
capillary drawing process. For effective chemical anchorage of the sol-gel coating to the
capillary surface, it is important to ensure enhanced silanol concentration as well as uniformity
of their distribution on the capillary inner surface. This was accomplished by hydrothermal
pretreatment of the capillary [58]. In the capillary surface pretreatment procedure, first the
capillary surface was cleaned by rinsing with a series of solvents; water being the last solvent to
rinse the capillary. As a result, at the end of the rinsing procedure, a thin layer of water was left
on the capillary inner surface. When such a capillary was heated to 350 ºC with both ends sealed,
the siloxane bridges on fused silica surface had favorable conditions to undergo hydrolysis to
generate silanol groups [60]. The subsequent operation involving simultaneous heating and
purging of the capillary provided favorable conditions for the reverse reaction. Optimization of
the treatment time of this last step allowed for the moderation of silanol surface concentration at
the desired level. During the preparation of sol-gel coatings, precursor molecules had the
appropriate chemical environment to undergo hydrolytic polycondensation reactions. In the
context of the present work, the sol-gel reactions took place inside the fused silica capillary and
the gelation was occurring in the presence of the silanol groups on the fused silica capillary inner
surface. Patches of the three-dimensional sol-gel network evolving in the vicinity of the capillary
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walls had the opportunity to get covalently bonded to the hydroxyl groups on the wall, resulting
in a sol-gel coating chemically anchored to the fused silica capillary inner surface. A simplified
representation of the above-mentioned hydrolytic polycondensation reactions is provided in the
reaction scheme below. (Figure 4.1)
FTIR data was obtained for silica- and germania-based dual-ligand sol-gel sorbents
(Figure 4.2). In the FTIR spectrum for the germania-based dual-ligand sol-gel sorbent, the
characteristic peak at 960.3 cm-1 may be attributed to Ge-O-Si bonds which is in agreement with
the literature data [45, 60]. This characteristic peak is absent in the FTIR spectrum of the
silica-based counterpart. This data confirms successful creation of the germania-based sol-gel
sorbent. The CF2- groups were present in both silica- and germania-based dual-ligand sol-gel
coatings since the CF2- moiety constitutes an essential building block for one of the organic
ligands (PF-C12) used to create both of these dual-ligand sorbents. The CF2- groups provide a
characteristic IR peak at ~1200 cm-1 [61]. The presence of FTIR peaks at 1184.0 cm-1 and 1192.0
cm-1 in the IR spectra for silica- and germania-based sol-gel sorbents, respectively, indicates the
presence of perfluoroalkyl moieties in both prepared sol-gel sorbents. The incorporation of
phenyl group in the created sorbents is confirmed by the presence of IR stretches at the following
wave numbers: 3028.4 cm-1, 2968.5 cm-1, and 696.6 cm-1 (for the germania-based sol-gel
sorbent) and 3024.4 cm-1, 2970.1 cm-1, and 701.5 cm-1 (for the silica-based sol-gel sorbent). This
experimentally found IR data is in agreement with the literature values (3028 cm-1, 2971 cm-1,
and 696 cm-1) [62].
The SEM images of sol-gel sorbents (Figure 4.3) represent a cross-sectional view of a
fused silica capillary coated with so-gel sorbent and the thickness of the sol-gel coating to be
approximately 2.2 µm.
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Figure 4.1: Chemical reactions involved in the formation of sol-gel coatings.
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Figure 4.2: FTIR spectra for dual-ligand sol-gel microextraction media with equimolar concentration of PF-C12 and PhE ligands: (a)
Silica-based, (b) Germania-based.
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Figure 4.3: SEM images of the germania-based sol-gel sorbent were shown.

To observe the elemental mapping of the silica-and germania-based dual ligand sol-gel
sorbents, energy dispersive X-ray spectroscopy (EDS) experiments were conducted and the data
is presented in Figure 4.4. In the spectrum of the germania-based sol-gel sorbent a distinct Ge
peak was observed, in the silica-based sorbent such peak was absent. Additionally, in the
germania-based system, ~ 4.9% germanium, ~ 3.6% silicon elements and in the silica-based
sol-gel sorbent with dual ligands, ~ 10.5% of silicon element was observed. Carbon element
amount was ~ 62.7% in silica-based dual ligand sol-gel sorbent, however germania-based system
contained 71.4% carbon which is higher than the silica-based system.
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Figure 4.4: EDS spectra of the silica-based (a) and germania-based dual-ligand containing sol-gel sorbents were shown.
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4.3.1 Evaluation of the sol-gel coatings in capillary microextraction

4.3.1.1 Analyte extraction profile for the sol-gel coated CME capillaries
In CME, extraction is continued until an analyte sorption-desorption equilibrium is
established between the sample matrix and the sol-gel coating (extraction medium). A
representative extraction profile for dual ligand sol-gel sorbents is presented in Figure 4.5. Here,
CME-GC experiments were carried out on a silica-based dual-ligand sol-gel sorbent
(PF-C12/PhE=1:1) using naphthalene, butylbenzene and n-decane as test solutes.
The analyte peak areas were first converted into analyte mass using a calibration plot.
The extracted mass of the analyte was plotted against extraction time to construct the extraction
profile (See Figure 4.5). The extraction time corresponding to the onset of the plateau on the
graph represents the equilibrium time. As seen in Figure 4.5, it took ~ 50 min for the analytes to
reach extraction equilibrium; therefore, in further experimentation, the extraction times for all the
analytes were kept at 60 min to ensure that extraction equilibrium has been reached.

4.3.1.2 Capillary-to-capillary and run-to-run reproducibility
Reproducibility of the sol-gel coating procedure was evaluated by using five batches of
CME capillaries coated with dual-ligand silica-based sol-gel sorbents (PF-C12/PhE=1:1). With
each sol-gel coated capillary, five replicate CME-GC experiments were performed using
butylbenzene as the test analyte.
The calculated GC peak area RSD value was found to be 2.1%. Such a small RSD value
is indicative of excellent reproducibility of the used sol-gel coating procedure. It is worth
mentioning that the capillary-to-capillary RSD value obtained in this study for sol-gel
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Figure 4.5: Extraction profile of PF-C12/PhE=1:1 SiO2 sol-gel coating. CME-GC Conditions: Analytes were extracted individually by
three times for each time interval with 10 cm × 0.25 mm I.D. Sol–gel PF-C12/PhE=1:1 SiO2 coated capillaries. The concentrations of
the analytes were 100 μg L-1 for naphthalene, 75 μg L-1 for decane, 50 μg L-1 for butylbenzene. GC conditions: 30 m x 0.25 mm I.D.
Restek Rtx-35 MS Crossbond 35% diphenyl/65% dimethylpolysiloxane. GC run 25 ˚C-300 ˚C (rate: 25 ˚C min-1), nitrogen carrier gas,
injector 300 ˚C, FID 350 ˚C and splitless desorption.
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CME is significantly lower than the 4% capillary-to-capillary RSD highlighted in a recent review
as a remarkable reproducibility for CME [63].
Run-to-run RSD values for each of the prepared sol-gel coatings were evaluated using
GC peak areas obtained in five replicate CME-GC experiments whereby each test analyte was
microextracted individually on the sol-gel coating under evaluation. For the evaluated sol-gel
coatings, run-to-run RSD % values ranged from 0.9% to 2.7% (
Table 4.2). For a sample preparation technique (CME), these small RSD values show excellent
repeatability provided by the CME methodology used in this study. Again, these RSD values
favorably compare with literature data for CME-GC [53] or fiber SPME-GC [64, 65].

4.3.1.3 Specific extraction (SE) as a parameter to compare of CME-GC performances of
the prepared sol-gel coatings
Chromatographic peak areas obtained from SPME-GC experiments have often been used
in literature to characterize the extraction performance of the SPME sorbents [66-68]. However,
the compositional and structural aspects of sorbents must be taken into consideration in
characterizing sorbent performance. A larger peak area may not necessarily mean a better
sorbent performance. Although the sol-gel method used for the fabrication of CME capillaries is
capable of providing remarkable capillary-to-capillary reproducibility, it is quite natural to
expect some variations in the sorbent loading of the prepared capillaries.
The capillary-to-capillary variation of sorbent loading is reflected in the chromatographic
peak areas obtained from the extracted analyte after it gets transferred to the chromatographic
column. Therefore, peak area alone cannot serve as an objective measure of the extraction
performance for a sorbent.
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Table 4.2: RSD % values (n=5) of run-to-run extractions and LODs were shown. CME-GC Conditions: 10 cm × 0.25 mm I.D.
sol–gel PF-C12/PhE=1:1 SiO2, PF-C12/PhE=1:1 GeO2 capillaries. System conditions could be seen in Figure 4.6.

Ratio of the two ligands and nature of the inorganic substrate of the dual-ligand sol-gel sorbent
PF-C12/PhE (1:1)
(SiO2)

PF-C12/PhE
(1:1)

PF-C12/PhE (1:2)

PF-C12/PhE (2:1)

(SiO2)

(SiO2)

(GeO2)

Test Probe

RSD%

LOD

RSD%

(ng L-1)

LOD

RSD%

LOD

RSD%

LOD
(ng L-1)

(ng L-1)

(ng
-1
L )

Octane

1.8

23.1

1.9

12.9

1.8

26.3

1.8

17.6

Nonane

2.0

19.4

2.0

11.7

2.1

21.4

2.0

15.3

Decane

2.0

16.1

1.9

10.4

1.8

20.1

1.9

12.7

Undecane

2.2

13.3

2.3

9.2

1.3

15.7

1.4

10.2

Dodecane

1.9

9.5

1.5

8.2

1.5

12.6

1.2

7.1

Tridecane

1.9

6.7

0.9

6.5

1.0

8.6

1.3

4.2

Propylbenzene

2.4

7.1

2.7

6.3

2.6

8.8

2.3

12.3

Butylbenzene

2.1

6.1

2.2

5.4

2.1

7.5

2.1

8.0

Butylcyclohexane

2.6

6.9

2.4

6.2

1.7

9.1

1.9

11.2

Naphthalene

2.1

7.2

2.4

6.7

2.3

6.4

2.5

9.4
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In this study, we used specific extraction (SE) [51], a normalized (with respect to sorbent mass)
peak area value, as a measure of extraction performance of a sorbent. SE is mathematically
defined by equation Eq.4.1. For sorbents prepared by the same method (as in the case of the
present study), other factors (that may influence the extracted amount) may be assumed to
remain practically unchanged. In such systems, SE may serve as an objective measure of sorbent
extraction performance.

4.3.1.4 Silica- and germania-based dual-ligand sol-gel sorbents created from sol
solutions containing equimolar concentration of the precursors
Two dual-ligand sol-gel coatings (one silica-based and the other germania-based) were
prepared using equimolar concentration of the two sol-gel precursors carrying one of the two
ligands (PF-C12 or PhE); TEOG or TEOS was used as the co-precursor.
In CME-GC experiments using aliphatic hydrocarbons as test solutes, silica-based sol-gel
coating provided higher LOD values (6.7 ng L-1 to 23.1 ng L-1) than the germania-based sol-gel
coating (LOD values ranging 6.5- to 12.9 ng L-1) (
Table 4.2). A comparison of these CME performance data for aliphatic hydrocarbon analytes
revealed that germania-based sol-gel coating provided an average of ~ 13.1 % higher SE values
compared with its silica-based counterpart (Figure 4.6).
As seen in Figure 4.6, germania-based PF-C12/PhE=1:1 sorbent showed superior extraction
performance for all of the used analytes. For example, for aliphatic hydrocarbons, the
germania-based sorbents provided SE values that were 9.9% - 15.2% higher than the
corresponding SE values for silica-based PF-C12/PE=1:1 sorbent. For similar increase in the SE
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values was observed in CME of alkylbenzenes (~ 15.4%), naphthalene (~ 18.9%) and
butylcyclohexane (~ 14.3%).
In the case of compared sol-gel coatings, TMOS and TEOG were incorporated in the sol
solutions as co-precursors and their molarity were kept equal. Here, the only variable was the
type of the ligand-bearing co-precursor used in these sol solutions. Therefore, the obtained
results illustrate the influence of inorganic component of the sol-gel sorbent (silica or germania)
on microextraction performance. Superior microextraction performance of the germania-based
dual-ligand sol-gel sorbent (PF-C12/PhE=1:1-GeO2) compared to its silica-based counterpart
(PF-C12/PhE=1:1-SiO2) can be explained based on results from thermogravimetric analysis
showing that the carbon loading in the germania-based sorbent was higher than that in the
silica-based sorbent by ~ 4% (See Figure 4.7). EDS data presented in Figure 4.4 also collaborates
higher carbon loading in germania-based sol-gel sorbents. Higher carbon loading translates into
higher amount of ligands incorporated in the sol-gel coating result in higher extracted amount of
the analytes.
A plausible explanation for higher amount of organic ligand bonded to germania-based
sorbent could be the fact that the number of hydroxyl groups on germania-based material is
significantly higher than that on its silica-based counterpart [69], facilitating chemical anchoring
of higher number of evolving sol-gel network patches (and hence organic ligands attached to
these patches) to the fused silica surface. However, a 4% increase in carbon loading alone may
not explain a 10-19% increase in SE. Therefore, it can be concluded that the overall increase in
SE for the germania-based dual-ligand sol-gel coating reflects a combined effect of carbon
loading and germania-based inorganic component of the sorbent.
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The contributions of the two ligands in the microextraction were explored using
propylbenzene and butylbenzene as test probes. Since these molecules contain a hydrophobic
alkyl chain and an aromatic ring simultaneously, dual-ligand sol-gel sorbents were expected to
provide efficient extraction for such analytes by combining two intrinsic properties of the used
ligands: (a) the ability of the fluoroalkyl ligand to provide exceptionally high hydrophobic
interaction and (b) the ability of the aromatic rings to provide π-π interaction with the analytes.
Our experimental data supports this notion.
SE values for butylbenzene (a ten-carbon molecule containing an aliphatic chain and an
aromatic ring) obtained on silica- and germania-based dual-ligand (PF-C12/PhE=1:1) sol-gel
sorbents were significantly higher than the SE values for n-decane or butylcyclohexane
representing two ten-carbon hydrocarbon molecules that have the same aliphatic butyl chain but
each lacks an aromatic ring. For butylbenzene used as test solute, the numerical comparison of
the SE values is as follows: SE = 548.6 µg g-1 for the silica-based sorbent and SE = 638.5 µg g-1
for the germania-based sorbent (Table 4.3). For n-decane and butylcylohexane used as the test
solutes, the SE values on the silica-based sorbent were: 374.1 µg g-1 for n-decane and 495.2 µg
g-1 for butylcyclohexane; and for the germania-based sorbent corresponding values were 427.8and 566.2 µg g-1, respectively. Butylcyclohexane has a chemical structure somewhat similar to
butylbenzene; however, like n-decane, it lacks an aromatic ring – a factor responsible for its
lower SE value than butylbenzene.
A similar trend was also observed in the extraction of naphthalene. When compared with
other ten-carbon analytes (butylbenzene and butylcyclohexane), naphthalene provided lower SE
values than both of those analytes.
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Figure 4.6: SE comparison of silica- and germania-based sol-gel coatings. CME-GC Conditions: 10 cm × 0.25 mm I.D. sol–gel
PF-C12/PhE=1:1 SiO2 and PF-C12/PhE=1:1 GeO2 coated capillaries with extraction time of 60 min. GC column: 30 m x 0.25 mm I.D.
Restek Rtx-35 MS Crossbond 35% diphenyl/65% dimethylpolysiloxane. GC run 25 ˚C-300 ˚C (rate: 25 ˚C min-1), nitrogen carrier gas,
injector 300 ˚C, FID 350 ˚C, splitless desorption.
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Figure 4.7: Thermogravimetric analysis of equimolar concentration dual ligands containing SiO2
and GeO2 based sol-gel coatings. TGA System conditions: 50 ºC-800 ºC with a ramp rate of 20
˚C min-1.
These results clearly show that presence the dual ligands in the sol-gel coatings yields
higher microextraction efficiencies for structurally relevant analytes. CME-GC chromatograms
obtained from these coatings are presented in Figure 4.8.

4.3.1.5 Sol-gel sorbents prepared with non-equimolar concentrations of the precursors
Besides the sorbents prepared from sol solutions with equimolar concentrations of the
precursors, dual-ligand sol-gel sorbents were also prepared using sol solutions with
non-equimolar concentration ratios of the ligand-bearing precursors. The CME performance of
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two such silica-based sol-gel coatings were investigated: one prepared from a sol solution with
PF-C12/PhE=2:1 and the other using a sol solution where PF-C12 to PhE molar ratio was 1:2.
The performance difference between the sol-gel coatings was only due to the precursor
concentration difference since presumably it was the only parameter that different in the two
sorbents. As can be seen in Table 4.3, for aliphatic hydrocarbon probes, the ranges for SE values
were 253.2- to 532.9 µg g-1 for PF-C12/PhE=1:2 coating, 272.0- to 580.4 µg g-1 for the
PF-C12/PhE=1:1 coating, and 307.8- to 652.3 µg g-1 for the PF-C12/PhE=2:1 sol-gel coating.
This trend indicates that when the amount of the sol-gel precursor containing highly
hydrophobic PF-C12 ligand is increased in the sol solution (leading to a corresponding increase in
the hydrophobicity of the created coating), the SE values of hydrophobic solutes like aliphatic
hydrocarbons also correspondingly increase. A comparison of the CME performance data (Table
4.3) for the above two sol-gel coatings with that for PF-C12/PhE=1:1 sol-gel sorbent reveals the
following: when the PF-C12 was doubled in the sol solution (corresponding to sorbent
PF-C12/PhE=2:1) the average increase in the SE values for aliphatic hydrocarbons was 11.4%;
but when the PhE concentration was doubled (which corresponds to the sorbent
PF-C12/PhE=1:2), the average decrease in the SE values for the same analytes was 12.6%.
These results may be explained based are stronger hydrophobic interaction provided by the
perfluorinated ligand. Chromatograms showing CME-GC analysis results for a mixture of
aliphatic and aromatic hydrocarbons extracted with the above-mentioned sorbents are presented
in Figure 4.9. The SE values for the extracted analytes can be found in Table 4.3. The SE values
for propylbenzene and butylbenzene were higher with the PF-C12/PhE=1:2 sorbent (SE: 446.9and 497.3 µg g-1, respectively) than the PF-C12/PhE=2:1 sorbent (SE: 404.3- and 441.6 µg g-1,
respectively). Such results could mean that in the microextraction of the
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Figure 4.8: The chromatograms labeled as (a) and (b) belong to sol-gel PF-C12/PhE=1:1 coatings with SiO2 and GeO2 co-precursors
and identical molar concentration of organic ligands. The analytes were 1= Octane (30 μg L-1), 2 = Nonane (30 μg L-1), 3 =
Propylbenzene (25 μg L-1), 4 = Butylcyclohexane (25 μg L-1), 5= Butylbenzene (20 μg L-1) 6 = Naphthalene (15 μg L-1). CME-GC
Conditions: 10 cm × 0.25 mm I.D. sol–gel PF-C12/PhE=1:1 SiO2 and GeO2 based coated capillaries with extraction time 60 min. GC
column: 30 m x 0.25 mm I.D. Restek Rtx-35 MS Crossbond 35% diphenyl/ 65% dimethylpolysiloxane. GC run 25 ˚C- 90 ˚C (rate: 25
˚C min-1) 90-300 ˚C (rate: 7 ˚C min-1), nitrogen carrier gas, injector 300 ˚C, FID 350 ˚C, splitless desorption.
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alkylbenzenes, the π-π interaction plays a more important role than the hydrophobic
interactions. However, as can be seen in Table 4.3, all these values are lower than corresponding
values for the PF-C12/PhE=1:1 sorbent (SE: 481.4- and 548.6 µg g-1, respectively). It should be
noted that in these sol-gel coatings, total ligand amount remained constant, only organic ligand
ratios varied. Considering the fact that such analytes have both aliphatic chain and a phenylgroup in their chemical structure, it could be expected that a coating with equimolar ligand
concentration would provide higher microextraction performance than the sol-gel coatings with
non-equimolar organic ligand concentrations.
Among all three types of coatings PF-C12/PhE=1:2 sorbent provided the highest SE values for
naphthalene: ~ 28.6% higher than PF-C12/PhE=2:1 coating and ~ 6.2% higher than
PF-C12/PhE=1:1 coating. Such performance was expected because naphthalene has two fused
aromatic rings which, due to π-π interaction, show greater affinity for the sol-gel sorbent with
higher proportion of phenyl groups.

4.3.1.6 Dual-ligand and single-ligand sorbents containing PF-C12 and PhE
Microextraction performance of a dual-ligand sol-gel coating (PF-C12/PhE=1:1) was also
compared with that of single-ligand silica-based sol-gel coatings. For this, two single-ligand
silica-based sol-gel coatings were used for such a comparison; (one containing only PF-C12- and
the other only the PhE ligand) were prepared using sol solutions having the same total ligand
concentration as that in the sol solutions used to prepare the dual-ligand sorbent. Chromatograms
illustrating performances of these sorbents in CME-GC can be seen in Figure 4.10.
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It was observed that the aliphatic hydrocarbons were extracted more efficiently (~ 50.0%
higher SE value) by the single-ligand PF-C12 sol-gel coating than single-ligand PhE coating. It
was logical to expect that the highly hydrophobic perfluorinated ligands would have higher
affinity for hydrophobic nonpolar analytes like aliphatic hydrocarbons. The SE values obtained
from the microextraction of octane and nonane by only PF-C12- containing sorbents were 320.4and 370.4 µg g-1 respectively. By comparison, for the same analytes single-ligand sol-gel PhE
sorbent provided SE of 202.6- and 254.5 µg g-1, respectively (Table 4.4). In the case of
equimolar dual-ligand sorbent (PF-C12/PhE=1:1) (which provided 272.0 µg g-1 324.1 µg g-1 for
the same analytes, respectively) the concentration of the highly hydrophobic PF-C12-ligand was
only half of the PF-C12-ligand concentration in the single ligand PF-C12-coating, and had a
negative effect on the extraction of hydrophobic nonpolar analytes like aliphatic hydrocarbons.
Addition of the less hydrophobic PhE-ligand in equivalent amount was not enough to
compensate for the loss in extraction power of the dual-ligand sorbent toward aliphatic
hydrocarbons. This explains why the SE values for the dual-ligand sol-gel coating
(PF-C12/PhE=1:1) occupy an intermediate position. In contrast, propylbenzene and butylbenzene
were extracted more efficiently by single-ligand PhE-sorbent (SE: of 336.5- and 492.9 µg g-1,
respectively) than single-ligand sol-gel- PF-C12 sorbent (SE: 291.7- and 477.8 µg g-1,
respectively). Also, such analytes were extracted most efficiently with dual-ligand
(PF-C12/PhE=1:1) sol-gel coatings for which the obtained SE values were 481.4- and 548.6 µg
g-1, respectively. Since alkylbenzenes contain both aliphatic chain and aromatic groups, both
hydrophobic- and π-π interactions were operative in the microextraction process.
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Figure 4.9: The chromatograms labeled as (a) and (b) belong to sol-gel coatings with PF-C12/PhE=2:1 (SiO2) and PF-C12/PhE=1:2
(SiO2). The analytes were 1= Octane (100 μg L-1), 2 = Nonane (30 μg L-1), 3 = Butylcyclohexane (20 μg L-1), 4 = Butylbenzene (10 μg
L-1), 5 = Undecane (20 μg L-1) 6 = Naphthalene (15 μg L-1). CME-GC system conditions were identical as in Figure 4.
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Table 4.3: SE values with CME-GC were shown. CME-GC Conditions: 10 cm × 0.25 mm I.D. sol–gel PF-C12/PhE=1:2 SiO2 and
PF-C12/PhE=2:1 SiO2 coated capillaries with extraction time of 60 min. GC column: 30 m x 0.25 mm I.D. Restek Rtx-35 MS
Crossbond 35% diphenyl/65% dimethylpolysiloxane. GC run 25 ˚C-300 ˚C (rate: 25 ˚C min-1), Nitrogen carrier gas, Injector 300
˚C, FID 350 ˚C, splitless desorption.

Concentration ratio of the two ligands in the sol solution
GeO2
Test Probe

PF-C12/PhE (1:1)

SiO2
PF-C12/PhE (1:1)

PF-C12/PhE (1:2)

PF-C12/PhE (2:1)

Octane

309.3 ± 11.8

272.0 ± 9.8

253.2 ± 9.1

307.8 ± 11.1

Nonane

364.4 ± 14.6

324.1 ± 13.0

287.5 ± 12.1

354.3 ± 14.2

Decane

427.8 ± 16.3

371.4 ± 14.9

321.2 ± 11.6

396.1 ± 15.1

Undecane

493.6 ± 22.7

430.7 ± 19.0

382.4 ± 9.9

482.8 ± 13.5

Dodecane

553.0 ± 16.6

491.2 ± 18.7

415.7 ± 12.5

562.9 ± 13.5

Tridecane

638.0 ± 11.5

580.4 ± 22.1

532.9 ± 10.7

652.3 ± 17.0

Propylbenzene

550.5 ± 29.7

481.4 ± 23.1

446.9 ± 23.2

404.3 ± 18.6

Butylbenzene

638.5 ± 28.1

548.6 ± 23.0

497.3 ± 20.9

441.6 ± 18.5

Butylcyclohexane

566.2 ± 27.2

495.2 ± 25.8

359.9 ± 12.2

306.1 ± 11.6

Naphthalene

508.5 ± 24.4

427.8 ± 18.0

454.3 ± 20.9

353.4 ± 17.7
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Figure 4.10: The chromatograms labeled as (a), (b) and (c) belong to sol-gel coating with (a) PF-C12/PhE=1:1 (b) PhE (SiO2)
(c) PF-C12 with (SiO2). The analytes were 1= Octane (75 μg L-1), 2 = Nonane (25 μg L-1), 3 = Propylbenzene (10 μg L-1), 4 =
Butylcyclohexane (25 μg L-1), 5= Butylbenzene (20 μg L-1) 6 = Naphthalene (10 μg L-1). CME-GC system conditions were identical
as in Figure 4.8
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Table 4.4: SE value comparison of PF-C12/PhE ligands together in one sol-gel coating versus
same ligands but individually in separate sol-gel coatings were shown. CME-GC conditions were
same as in Table 4.3.
Dual-Ligand
Test Probe
Octane
Nonane
Propylbenzene
Butylbenzene
Butylcyclohexane
Naphthalene

Single-Ligand

PF-C12/PhE (1:1)
272.0 ± 9.8
324.1 ± 13.0
481.4 ± 23.1
548.6 ± 23.0
495.2 ± 25.8
427.8 ± 18.0

PF-C12

PhE

320.4 ± 12.8
370.4 ± 16.3
291.7 ± 14.6
477.8 ± 19.1
424.5 ± 15.3
469.4 ± 22.5

202.6 ± 7.7
254.5 ± 10.7
336.5 ± 16.2
492.9 ± 18.7
382.0 ± 14.5
561.8 ± 25.8

4.3.1.7 CME performance of dual ligand silica-based sol-gel sorbent in extraction from
saline matrix
It is known that in some SPME applications, salting out is used to improve the sensitivity
of an analytical method [6]. In this work, we have investigated the performance of a silica-based
dual-ligand (PF-C12/PhE=1:1) sol-gel sorbent in the extraction of octane, nonane, propylbenzene,
butylcyclohexane, butylbenzene and naphthalene from fresh water as well as saline aqueous
medium containing 599 mM NaCl [70]. Such experiment could also be considered as a mini
simulation of extraction of organic pollutants from ocean water. The improvement in the
extraction efficiency after the salt addition is evident from Figure 4.11 and can be explained by
the decrease in the analyte solubility in aqueous saline matrix, leading to higher analyte sorption
by the sol-gel coating [71].

4.3.1.8 Extraction behavior of sorbents toward moderately polar analytes
Inorganic substrates (silica or germania) of the prepared sol-gel sorbents are highly polar
and their contribution to the extraction of nonpolar, hydrophobic analytes (discussed above) may
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not be significant. However, in the case of polar/moderately polar analytes, these polar substrates
are likely to play a significant role in the extraction process.
However, in the case of polar/moderately polar analytes, these polar substrates are likely
to play a significant role in the extraction process.
To test the validity of this assumption, two dual-ligand sol-gel coatings (one silica-based
and the other germania-based) were prepared using equimolar concentrations of the two ligands
in their sol solutions. CME performance of these coatings were evaluated using decanal, decanol
and butyrophenone serving as test solutes.

Chemical structure of each of these three analytes

incorporate a ten-carbon alkyl chain and a polar/moderately polar functional group. Therefore, it
is logical to assume that extraction of these analytes will be governed not only by their
hydrophobic and/or π-π interactions with the sorbent ligands but also by the interactions of their
polar/moderately polar functional groups with the polar inorganic substrates of the sol-gel
sorbents. Chromatograms representing CME-GC analysis of an aqueous sample containing these
probes with identical concentrations (150 µg L-1) is presented in Figure 4.12 (a: silica-based
sorbent; b: germania-based sorbent).
For the silica-based dual-ligand sol-gel sorbent, the obtained SE values for decanal,
decanol and butyrophenone were 123.1-, 147.2- and 164.4 µg g-1, respectively. Analogous SE
values for the germania-based sol-gel sorbent were 144.4, 175.9, and 201.8, respectively. This
enhanced extraction performance of the germania-based sorbent may be attributed to the higher
polarity of germania compared to silica. However, as could be expected, these SE values are
significantly smaller than those for aliphatic hydrocarbons or alkylbenzenes presented in Table
4.3. It is important to note that better extraction was obtained for butyrophenone although it
possesses a lower polarity than decanol.
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This can be explained by the fact that butyrophenone is capable of providing hydrophobic
and π-π interactions with the sorbent ligands, in addition to the above-mentioned interactions
with the polar substrate.

4.4 Conclusion
Sol-gel technology was successfully used to create silica- and germania-based sol-gel
sorbents containing two organic ligands: (a) a perfluoroalkyl ligand characterized by
superhydrophobicity and (b) a phenethyl ligand capable of providing π-π interaction with the
analytes. Thanks to its exceptionally high hydrophobicity, perfluoroalkyl ligand showed high
affinity for hydrophobic nonpolar analytes like aliphatic hydrocarbons, while phenethyl ligand
showed pronounced selectivity toward aromatic compounds. Selectivity of the created
dual-ligand sorbents can be effectively fine-tuned by controlling the relative proportions of the
two ligands in the sorbents. A closer look at extraction performances of dual-ligand sol-gel
sorbents with different ligand ratios led to the conclusion that a dual-ligand sol-gel sorbent with
equimolar concentration of the two ligands provided more efficient extraction of analytes that
contained both aliphatic and aromatic structural features (e.g., alkylbenzenes). Germania-based
sol-gel sorbents provided more efficient extraction of the test analytes compared to their
silica-based counterparts. The created sol-gel sorbents provided stable CME performance in
saline matrices. Low ng L-1 level detection limits and < 3% RSD were achieved in CME-GC-FID
experiments employing dual-ligand sol-gel extraction media. In spite of the fact that both of the
used organic ligands were nonpolar, hydrophobic in nature, dual-ligand sol-gel sorbents provided
better than expected extraction performance for polar/moderately polar analytes (aldehydes,
ketones and alcohols) which may be indicative of the participation of the polar inorganic sol-gel
substrate (silica or germania) in their extraction process. Successful creation and application of
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sol-gel sorbents with dual ligands and detailed ligand-analyte interaction investigation in this
study could be a very useful tool in designing both germania- and silica-based sol-gel sorbents
with various combination of ligands to enhance the selectivity of extraction media toward
specific analytes. Additionally, germania-based sol-gel sorbents have the potential to provide
exceptional pH stability both in acidic and basic environments [25, 33].

Figure 4.11: The chromatograms labeled as (a) and (b) belong to sol-gel coating with
PF-C12/PhE=1:1 SiO2. 599 mM NaCl concentration was kept in the solution used to get the
second chromatogram (b). The analytes were 1= Octane (75 μg L-1), 2 = Nonane (25 μg L-1), 3
= Propylbenzene (10 μg L-1), 4 = Butylcyclohexane (25 μg L-1), 5 = Butylbenzene (20 μg L-1) 6
= Naphthalene (10 μg L-1). CME-GC conditions were identical as in Figure 4.8.
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Figure 4.12: The chromatogram (a) belongs to silica-based sol-gel coating and (b) belongs to
germania-based sol-gel coating (PF-C12/PhE=1:1). The analytes were 1= Decanal, 2= Decanol
and 3= Butyrophenone, with identical concentration of 150 μg L-1. GC run 45 ˚C -120 ˚C (rate
30 ˚C min-1), 120 ˚C -280 ˚C (rate= 6 ˚C min-1), other system conditions were identical as in
Figure 8
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